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PREFACE 

This book has been written, principally for the benefit of the 
user of the various ferrous and non-ferrous materials employed 
in the construction of automobiles, aircraft, and general 
mechanical engineering work as distinct from the metallurgist;. 

Owing to thj extent of the subject and to the rather wide 
scope of the tvjrk, it has been found necessary to divide the 
matter in^ two sections, each in a separate volume, 1:he 
present one dealing entirely with ferrous materials, and the 
second volume with non-ferrous and organic materials. 

The present work covers a wide range, and may be regarded 
as containing the more directly useful information and data 
fro^i a large number of specialist books upon the subjects 
treated, s'upplemented by modern data, kindly supplied by the 
leading manufacturers in this and other countries, and by 
the inclusion of ^natter derived from the current and past 
proceedifigs of various societies and institutions. 

The average user of 'materials, such as the aircraft or 
automobile constructor, 4s not greatly concerned with the 
metallurgical processel to which his metals have been pre- 
viously subjected, but rather to #their •composition, strength, 
properties, and modes pf Tieat and other treatment, et., as 
received from the steel or other met^flynanufacturer. 

To the student, the r^ation^hips between the theoretwal*’ 
and actual properties of materials as revealed by tes4 will no 
doubt prove interesting, as also^ .will the more* practical 
applications of the ma^j^rials themselves. The draughtsman 
and designer will find fairly ful! information upon the jbheoj'eti- 
cal side of the subject of stresses and strQ,i^s, and^ should • be 
abl^, after perusal of thb sections upo^i the behaviour of 
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materials undA* test, and of the various material specifications, 
strengths, compositions, etc., to choose materials suitable for 
anj^ part or n^ehTber, or for almost any purpose, with ease. 
The sections dealujg with the theoretical sides of the subjects 
have been kept quite separate and tolerably complete, in order 
that the more practical material users may not be hampered 
too much by an admixture of theory and practice in selecting 
the information they desire. 

Similarly, a section has been devoted to the machines and 
instruments used for testing materials, which is fairly com- 
plete in itself. 

^ In planning out this work, it was considered advisable to 
include an introductory chapter dealing with the theory of 
stresses, strains, etc., in so far as they concer/. ^the properties 
of ithe materials discussed later in the book, ill order that the 
designer, engineer, and constructor might appre(?fete the co- 
relationship between theory, testing and actual practice, and 
also in order to emphasize and explain the terms used later 
on throughout the book. Particular attention has been paid 
to the English and American specifications of materials for 
specific purposes, and it is hoped that the tabular ma'tter 
covering the properties of practically all of the carbon and alloy 
steels used in practice, given in Chapters V. and VI. and in the 
Appendices, will prove useful in this respect. ,• 

The question of the various treatments to which materials 
are subjected, with definite objects in view, has also received 
attention both from the theoretical ^nd practical points of 
view; many useful practical hints and recipes ^1 be found 
throughout the book. « 

The subjects of hea^ treatmenit furnaces and pyrometry 
h^ve also been d^l^ Aith as fully space allowed from the 
point of view of the works ertgineer and constructor. 

The gijeat difficulty m boc^s of%the present type, which 
have f<^ their object th*e* presenting ±o the reader of matter 
derived from various sources, <on specialized subjects, etc., is 
to UhoM^jiist how much to include, and how much of t^Ie vast 
amount df infoAi*^tion evailable to put aside; and inc,the 
present instance, only considerations of the present scojge, 
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utility, and final size of the booJi, nave limited the^ amount of 
matter selected from the very large quota available. 

It is hoped that the author will have sucdeedcd^ ait ‘least to 
a great extent, in his object of presenting to thf) aircraft and* 
automobile engineer, designer, constructor,* draughtsman, 
student, and general user of materials, a really useful work, at 
a reasonable price, containing in two volumes only a brief but 
sufficiently clear and informative^ account covering the range 
of subjects indicated by the title. 

The author would welcome any suggestions, information, 
etc., with a view to making this work more complete in later 
editions, and would be glad to have his attention directed 
to any errors which may have crept in, in spite of repeated 
and independent (flecking of the proofs. 

In conclusion *tlie author takes this opportunity of express- 
ing his thanks^and appreciation to the numerous individuals^ 
firms, and institutions concerned, who have contributed to the 
information and illustrations, in particular to the Aeronautical 
Society of Great Britain, the Institution of Automobile 
Engineers, the Institute of Metals, the Cambridge Scientific 
Instrument Co., the Foster Instrument Co. (Letchworth), 
Messrs. Firth and Sons (Sheffield), M(\ssrs. Vickers, Ltd., 
Messrs. Edgar Allen (Sheffield), Messrs. Brim tons of Mussel- 
burgh^the Richrnontl Gas Stove and Meter Co. (Warrington), 
the Monom^ter Co. (Birmingham), Messrs. Aides and Pollock 
(Manchester), etc., to Dr. Hatfield for thi‘ use of several 
of the microphotographs shown in Chapters IV., V., and VI., 
and to Mr. Stubbs for information^ and loan of illustrations 
on the subject *of drop -forging. 

A. W. JUDGE. 


London, 1920 . 
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THE PROPERTIES OF 
AIRCRAFT AND AUTOMOBILE 
MATERIALS 

CHz\PTETl [ 

STRE^, STRAIN, AND ELASTICITY 

When ta structure of any kind, such as a inachine, engine, 
bridge, or similar object, is loaded in any manner- -that is to 
say, when it is subjected to the action of forces — the various 
members, or parts, of the structure arc said to be stressed 
under the intiuence of the loads. As will be seen, later, the 
stressos eau^ed may be of various characters, such as tensile, 
comprcvssive, or shearing, or a combination of two or three 
of these. 

In offder to determine the proportions, or the suitability of 
the structure for withstanding the loads, it becomes necessary 
to know tw'o things, namel}^ : (1) The amount and nature of 
the stress in each member; and (2) the properties of the 
materials of which the members are«compo.sed. 

The former requirement ngecessital^es a knowledge of the 
methods of analysis and of calculation jji order to determine 
the nature and amount of tke^orces or stri^^ses fh the members^ 
and the changes of form occurring*under the influence of the 

” ^9 if 

forces; this portion of the subject is treiifted of in worki^upon 
the Strength of Materials. ^ 

The second side of the subject deals with%the mechanical 
and physical properties of materials as determined by^jexper^ 
^ce ajid experiment, and to the prooesses^^o^ treatrAent of 
the r^iaterials; it is known as the Properties of Materials, 
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The two subjects are to a certain extent interconnected, 
since the pi*operties of the materials of members of a structure 
determine the degree and nature of the deformation under 
load, and in many cases the deformation governs the values 
of the stresses in the members. Examples of this co-relation 
may be seen in the case of ferro- concrete, composite structures 
of dissimilar materials, structures comprised of members 
having different factors of safety and subjected to different 
types of stress. Moreover, different materials sucdi as different 
kinds of .metals, metals of dih'erent degrees of hardness but 
of the same composition, timbers, fabrics, etc,, behave in a 
very different manner under load, and the particular proper- 
ties of each maLirial when subjected to loading are the prin- 
,eipal factors in strength calculations. ’ 

For determining tluj dimensions of any inentber of an 
engineering or aircraft structure it is not alone sufficient to 
know the strength properties under different kinds of loading, 
but also the endurance of the materials under wearing, 
weathering, and similar conditic-ns. 

Experimentally Determined Stresses. 

Many cases occur in practice, in whicb, not only th(^ values, 
but also the nature of the stresses in particular stifictures 
cannot be estimated by known analytical methods, or can 
only be estimated upon uncertain assumptions, so that it 
becomes necessary to have recourse, h:o methods of experiment 
in order to doterm,inc tl[c stresses.* ^ 

In many cases, it is possible to test full-sized structures, 
members, or bodies, tto destruction, making careful measure- 
I nients of the (leformations, load!, find manner of failure under 
conditions resembling, those of actual practice; the informa- 
tion 6btained is usui^lly an invaKiable guide in apportioning ; 
the fenal structure, 'member, or bo^y. 

TcjSting machines, such as those described in Chapter III., 
althouffh priipqTily intended for testing the properties of the 

* Alternative methods for finding thb stresses in a loaded body or struc- 
ture are given upon p. 239 et se^. ® 
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materials themselves, are often suitable for testing full-sized 
components; for example, automobile vh^^els ancf spokes c?)^n 
be crushed, aeroplane struts eripph'd, braeing^wires, rods, and 
chains, pulled apart, and engine members such as connecting 
reds, crank-shafts, gear wheels, and parts subjected to stress, 
tested to destruction. 

Man}' structures are either too large, or would require 
special testing machines of an elaborate kind to test them to 
destruction, but iji all such cases the behaviour under their 
own sy stems of loading can ])e ascertained, eitln-r by loading 
them directly, or, if this method is prohibitive for reasons 
of cost and incor^vunience, scale models may be made and 
tested under siin^Ar conditions of loading. 

It is, of course, necessary to know the laws governing thcf 
application of tnodel results to the full-sized structure; many 
examples have occurred, in the past, of models working or 
behaving satisfactorily, whereas the full-sized structure or 
machines made from thcs(‘ models were failures. 

Thus, supposing, for example, it is found that a wire of 
diarneti^r d will support a spherical (or, indeed, any other 
shape of) weight of diam(‘t(‘r I> quite safely; n(‘xt, suppose 
that a wire of ten tunes the diameter d is taken and that a 
weight^f ten times the diameter 1) (or the linear dimensions) 
is hung upo*n it. 

The tensile stresses in tlie two cases will not be the same 
but as 1 is to 10, owing t^ the fact that the weight varies as 
the cube, whereg^s the cro.ss-sectionararea ygries as the scjuaie 
of the linear dimensions. 

In all structures,* in whk^ ttie whole, ^irjiart, of the stresses 
is due to the weight of th(? ftructure itself, the stresses will 
be greater for larger structures of similar shapes; it ma^ bo 
.here mentioned that the ultimate or ^maximum sp^Wif oi 
cantilever and other bridgd^ and similar structures is lir^ted 
by weight considerations, and that each design of structure 

* In all weight loaded structures, such as beams, the^l^csscs irfsiinilar 
deigns vary directly as the linear dimen.sions. * t 

t An example ot limiting bridge span is given by the case ot the Firth of 
Forth cantilever ge. 
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has a definite limiting size or a given working stress and 

m^eterial. 'fhe increase in this “ limiting ” value is only pos- 
* * * . 

sible by employijig materials of greater strength-weight ratio. 
In the case of machines, in which the accelerating forces 
are the limiting factors (as, for example, in the case of petrol 
and other high-speed reciprocating engines), these forces are 
proportional to the linear dimension d, the mass d?, and the 
square of the speed, or revolutions per second, — that is, to 

the product d^^^. The bending moments in similar machines 
at the same places will be proportional to d^W, and the 
^ stresses to d‘^W. Bence in similar machines, if the accelerat- 
ing-force stresses are to be the same in^ value, the product 
niust be the same; that is, the speed'^must decrease as 
the size increases, or revolutions per minute should vary in- 
versely as the linear dimension. 

]n aeronautical structures the loads go\erning the working 
stresses arc in most eases due to the relative air speeds, as 
well as the total weight; and it is therefore necessary to test 
such structures under similar conditions of air-pressure, 
resistance, and weight. A common test for mi;> chinch of a 
standard quantity production, or new, type is to place the 
machine upside down upon trestles under the centre section 
portion and to load the wing and tail surfaces with hags of 
sand or shot, under approtximatcly the same load distribution 
as that occurring in flight. The resistance effect is also 
approximated to, by means of horizontal cables pulling upon 
the wings. ^ ^ 

The factor of safety, in such oises, is given by the difference 
between the total bre^jiking load^and the wing structure weight, 

I divided by the machine’s Hyii^* wTight. The methods of 
(calculating the stressqs in' girder structures, such as bridges, 
built-up beams, aeroplane winguind body-bracing systems, , 
and'other similar* structures, arj. usually based upon the 
methods of ediftinuous beams and pin-joints. 

The^lorme^,mcthod assumes that the points of support of 
the flange memlijrs ot rails are in the same line, or in a detir 

nite disposition; any subsequent deflection or movem^pt of 

,1 ( « 
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the supports appreciably alters the values of the stresses. 
The pin-joint method assumes that the junctiorft*o'i’ varigus 
members are friction less pin- joints and the* forces in thft 
members are estimated accordingly; in practice, tlie joints 
are usually rigid, and, as in the case of an aeroplane wing- 
spar or longeron, members arc often continuous through the 
“ joints.” The forces, due to rigidity and continuity of the 
joints, arc appreciably different from those deduced from the 
jiin-joint method. Here, again, experiment comes to the aid, 
and the necessary corrections for rigidity and conl^nuity can 
bo determined by loading a s^a^e model of the structure to 
the elastic limit, or^breahing-point. 

Numerous other examples might be cited, but the abov^e 
cases will serve to* emphasize the importance of experimentaj 
tests and verii^\ations ; reference* is also made in Chapter III. 
to certain indirect exjierimental methods of determining the 
stresses and strains in loaded bodies and structures. 

Stress. 

Whftn tw® bodies, or parts of the same bodies, transmit, or 
are subjected to, a force, the equal and o])posito action and 
reaction which occurs between the two bodies, or parts, con- 
stitute a stress. 

The interaction, or mutual reaction, which takes place 
between the two ])arts of a body, di\idcd by an imaginary 
surface, is said to constitute a state of stress. 

Thus, in tl^ case of strut, urfder compression, if any 
imaginary cross section be taken there is a mutual push 
between the parts lying upon opposite* sides of this section, 
and a state of stress exists It Ifere. 

A stress acting at a surface is distpbuted over it, gither 
uniformly, or otherwise. M uniformly^ clistributed eaofc unit 
of area of the surface beats the same load, or is subjected to 
the same force, and the intensity of stress at any point is 
obtained by dividing the whole load, or force.^by t}#| whofo 
urea of the surface. 
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If A represents the whole area, and P the total force, then 
fov a unifhPinly distributed stress the intensity is gi\en by — 

P 

^ A 


If tlie distribution of stress is not uniform the intensity of 
stress at any particular place may be fcmnd very approxi- 
mately by dividing by any small area around the point the 
force upon that small area. 

Thus if 8A represent a small area around any point on ,a 
surface, a^ which a state of stress exists, and 8P be the ft'rce 
upon that area, then the intensity of the stress at that point is — 

(SP 

(U* 

If P is given in pounds or tons, and A is iu square inches, 
the intensity of stress will be in pounds per square inch or 
tons per square inch respectivc^ly. 

If P is given in kilogrammes, and A is in square millimetres, 
or square centimetres, then the intensity of stress will be in 
kilogrammes per square millimetre or per square centimetre 
respectively. 

For example, if a weight of 3 tons is hung upon the lower 
end of a uniform rod of 11, inches diameter, the intensity ot 
the stress produced across any section will be given by — 
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1*70 tons per square inch. 


Types of Stress. — There are three principal kinds of stress 
w'hich can occur — n;^nely, tensile,*' compressive, and shear — of 
I, which the former*' two arc ki^>o'vVn as simple stresses, and 
occyr normally to thp surface, whilst the latter stress occurs 
along, the surface, oi' tangentially. 

When the normal stress consists of a pull, the stress is a 
tensile one, arfd the portions lying upon the two sides of the 
surfa^^r tend^to directly recede from each other. 

When the stesss ife a push, the stress is compressive, aitd 
the two portions tend to approach. e 
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Shear stress exists between two parts of a body, when they 
exert equal and opposite forces upon each t)ther ima tangen- 
tial direction; it tends to make one part slide ever the others 

Besides the above three types of stress, % body may be 
subjected to more than one typo of stress; in this case the 
stress is termed a comjilex one. Every complex stress can 
be split up into sim])le com]>onent stresses. 

1^'xauiples of tlic dili(‘reut types of stress considertal arc 
illustrated diagrammatical ly in Fig. L 



Tension 



Strain is a technical term f8r expres.^i^ig the change of form 
or shape, produced by stress, ^ 
Tensile strain, caused by a tensile^ stress, consists pf an 
elongation in the direction of the pull, accompanied by a 
lateral contraction perpei^licular to tlie dongation direc^Ton. 

Compressive strain consists of a shortening or contraction 
in the direction of the push, accompanied by^ajaterat^bulging 
•or expansion in each direction at righl ang^les to the former. 
If :» denotes^ the longitudinal change in length, upon a 
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specimen of original lengtli I, then the ratio measures the 
strain proailced, whether tensile or compressive. 

‘ Shear strain consists of a tangential sliding of the parts 
under shear stress, in their direction. It is usually measured 
by the angle (j>, shown in Fig 28. 


Elastic Materials. (Hooke’s Law.) 

An elastic material is one for which the strain disappears 
when the stress is removed. Most materials, such as metals, 
timber, glass, and similar substances, are very nearly per- 
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fectly elastic for small stresses, up tQ a limiting value for each 
material. ‘ 

For example, in the case of mild steel, the material is elastic 
for stresses up to ab^ut 0-60 of tFe stress which would com- 
^pletely break 6r rupture the ma|ie¥ial.* 

This limiting value^of the stress, at which elasticity just 
cease^ is known as^ohe Elastic fimit. Above this value of 
the stress the strain * {produced wiiil not disappear when the 
stress is removad; the strain is then termed fx Permanent Set. 
* The flastic^ limit varies for each material, and is more 
sharply defined V some cases than in others: thus in the casqi 
* This is termed the Ultimate Stress or Strength. * 

c 
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of mild steel, the clastic limit is readily discernible from the 
fact that the strain increases more raindly forte? given stress 
increase above this limit. For cast iron, coppef, and alumininln , 
there is no true elastic limit and the stres.s tind strain increase 
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Fig. 3. 

nearl\ at the same rate^right up toUTie^breaking poin^ vhich 
is fairly sudden. Fig. 3 represents graphically the relation 
between stress and strain for mild steel. It^has l^en fc>tind, 
> that for elastic materials stressed within Jhe elastic limit, the 
strain is proporiiomt to the stress producing it. This is kno\^n 
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as Hooke’s law. For the case of a simple tensile stress, if 
a given pu.ll ,;}auses a certain longitudinal extension, then 
twi-Qe this pull will cause twice this extension, three times the 
pull three times the extension^ and so on, provided that the 
total pull does not cause the stress to exceed the elastic 
limit. 

Mathematically Hooke’s law may be expressed in the 
following form for cither tension or compression — namely: 



where I original length of the piece, x the change of 
length duo to a load P, and A the crossrsectional area. 
P . ^ 

V IS the stress, or force per unit area. 

E is a constant, which is known as the Elastic*, or Young’s 
Modulus, and its value depends u])on the particular material 
under consideration; this constant may bo detined as the ratio 
of longitudinal stress to strain. 

'P X 

Thus E - where c - 7 the strain, 
e I 

If the stress be given in tons or jiounds per square inch, 
then the Elastic Modulus should bo expressed similarly. 

X . . ' 

The units for the strain, are immaterial, since it is a ratio, 

but they must be consistent for both and 1. 

For iron and steel E is about 13,O0O tons per square inch 
or about 30,000,000 pounds per square inch. Thus a stress 
of 1 ton per square inch will pioduce an extension or con- 
traction of of Vt-he original ^Iqngth in the case of iron 

or steel. »- 

The working stress far mild steely under steady load condi- 
tions is about 7 tons, per. square incl^; the strain produced by 
this stress will b^ 7 about part of an inch per 

inch length of specimen. 

It wih be se^^h, then^ that the elastic strains occurring in 
engineering work are very small indeed. 
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Cast iron, white 
Cast iron, j,,o’ey . . 
Wroiiffht-iron bars 
VVroin^ht-iron jilate 
Wroii^'ht-iroii Avire 
Mild stool 

C'ast stool (untoniporod 
Cast stool (toin])erod) 
Tool stool 
Hivot stool . .• 
Stool plates } to ^j^oroo 
carbon . . • 

Stool oastin!^ . . 
Aluminii’in, cast 


TABLE 

I. 


Moduli of Elasticity fc. 


E. 


E. 

Pounds per 

Material. 

Pounds per 

S(/uare Inch. 


Square Inch. 



23,000,000 



Aluminium, shoot 

13,500,000 

1.5,000.000 

Brass, ♦•ast 

S,i)30.000 

20,000,000 

Brass, rollod 

1 1,500,000 

27,000.000 

Cojipc r, oast 

0,000,000 

1 2r),(K)0,000 

Copper, rolled , . 

12,000,000 

1 30,000,000 

Copjier Aviio 

10,000,000 

1 30,000,000 

Gun -metal 

10,000,000 

! 30,000,000 

Delta metal, oast 

1 12,000,000 

40,000,000 

Delta metal, rolled 

1 3,000, 00(T 

30,000,000 

Bhosphor broir/c 

14,000,000 


Aluminium bron/o 

15.500,000 

31,000,000 

Load .. ’ 

2,500,000 

/ 30,000,000 

Fmo* 

l,()00,(M)O 

\ 20,000,000 

Oak* 

1,450,000 

12,500,000 

Leather . 

25,000 



. 

- - . 


Transverse Strain. 

The lateral or sideways (contract ioii of a nu*iiiber, or speei- 
inc», iindjpr tensile stress, is a definite i)ro])ortion of the longi- 
tudinal strain. 

rr,, , , transverse strain . , , 

the ratio, , . <r, is known as Poissons 

^ longitudinal strain 

Ratio, and for metals its value lies between t and J. 

TABLE n. 

Values for Poisson’s Ratio. 


Mild 8 col 
Wrought iron 
Cast iron 
Brass (cast) 
Copper (oast) 
Glass (flint) 


Value oj 
Poisson's RaUo. 
0 - 21 ) 

0-27 

0-25 

0-33 


Hooke’s Law for sh#ar stress aftS «train may be® written 
symbolically as — 

shear stress q 
shear strain 

* For other timbers .^ee Vol II. of this work, entitled “Non-Ferrous and 
Organic Matep^ls.” 
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i . • 

where C is a constant for each material, and is known as the 
Modulus 0 } ^Bk,giditi}. Its value, which is usually determined 
by «tor8ion experiments, may be taken as being about two- 
^ fifths of the Elastic Modulus. 

TABLE III. 

Values of Moduli of RiororrY C. 


Material. 


Cast iron* . . 

Wrought iron 
Troo boiler plates . . 

Mild steel plate? . . 

Cast steel (untem- 
percd) 

Cast stool (tem- 
pered) 

Copper, cast 


c. 


i ' 

Pounda per 

Material. 

Pound'^ per 

Square Inch. 


Square Inch. 

( 7,600.000 

1 6,300,000 

Copper, rolled^ , . 

/4, 700, 000 
\ 6,500,000 

1 5,000,000 

Brass * . 

• 

14,500,000 

10,500,000 

\ 5, 100,000 

14,000,000 

Bronze 

c 

/ 5,100,000 

r 13,000,000 

\ 6,000,000 

1 to 

Cun-metal 

4,250,000 

( 14,000,000 

Phosphor bronze, 

5,150,000 


.Aluminium bronze 

5,600,000 

12,000,000 

Silver 

4,000,000 


Cold 

4.700,000 

14,000,000 

Platinum 

0,000,000 

/ 4,300,000 
\ 5,100,000 

Flint glass 

(3,300,000 

\3,400^)00 


Bulk, or Volume, Modulus, 

When a solid is subjected to three simple pushes,^ of equal 
intensity applied in three directions, if the material is homo- 
geneous f — that is to say, has equal properties in all directions 
— it suffers a contraction of volume oftly. 

If the change of v^lumq v, due to three simjile stresses of 
intensity p, acting in three directions, mutually at right 
angles, and V is the original volume, then within the elastic 
, limit, the volumetric strain is proportional to the stress p— - 
that is^to say — 

Volumetric strain where K^s a constant known as 

tbej^w/t, or Volufne, Modulus. 

I * »• . A 

* The values g'vOT Are for Tvjiitc, medium, and grey cast irons respectively. 

t A material havin^unequal properties in dilTcrent directions, such as 
timber, is said to bo heterogeneous ; certain of the crystals belong to this cll-ss. 
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The linear strain will be — 

X 'E. 

^ V ' 3K‘ 

The value of K may be determined e;xperimentally by 
measuring the volume change when the body is placed in a 
liquid to which pressure is applied, or it may be estimated 
from the other elastic constants, from the relation given in 
the next paragra'^h. 


TABLE IV. 


Values of Bulk Modulus K. 

Material 

Water * 

Mercury * . , 

Glass (flint) 

. . 

Cop])or 
Cast-iron 
Wrought iron 
Steel 


(Pounds per square inch.) 
K. 

.‘120,000 

7,850,000 

4,950,000 to 5,900,000 *> 

. . 14,900,000 to 15,500,000 

24,000,000 

13.700.000 

20 . 700.000 
25,200,000 


Relation between Elastic Constants. 

It*can \k^ shown, analytically, that E, C, and K are related 
in the following manner — namely : 


E 


1 I 
30 3K 


or E 


_ 9KC 

'3KTC* 


For the transverse contraction, where o* denotes Poisson’s 

Ratio — ,, 

* 3K 

- "■ 6K+2C‘ • 

V . 

For a material such tts i*abber, in ^which the longitudinal 
extension is great compa^pd with th® latwal contraction, 
(rubber extends readily, but is ^compressed with difficulty), 

• U 

the value of o- will be ip^uch smaller •than in the ca^se of a 
metal. The limiting val+ie of o- will seen to be J; it^^annot 
be greater than this. 

Another useful relation between the constants is— 
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i * 

Work Done in Elastic Strain. Application to Springs, etc. 

' ^ t/ . ^ 

F6r simple tei]iSion, or compression, in the case of an elastic 
material, the wor]: done per unit area, per unit length, is 
given by— 

Work done per unit volume -~w mean stress x strain 

■'2 7 

The quantity (termed the Resilience) measures the 

capacity for storing work in consequence of the strain, and 
this energy can be restored when the strain is relaxed. 

Thus in the case of metal springs, the most suitable materials 

* i 

are those having the highest resiliences or ».niues under 

working stress conditions. Since the value of E i?> practically 
constant for similar engineering metals, it follows that the best 
material for tension, compression, or beam springs, from the 
weight and bulk point of view, is that having the highest 
elastic limit, or working stress. The alloy steels, such as 
chrome-vanadium, silicon, and nickel chrome, are.abouf the 
best for this purpose.* 

India-rubber, for its weight, can store up considerably 
more energy than any other commercial material. Thus for 
hardened cast steel the working resilience per cub^c inch is 
about 500 inch pounds, and for good india-rubber it is about 
200 inch pounds. The relative weighi^i per cubic inch are as 
8J to 1, and the respective) resiliences for india-rubber and 
steel, in foot pounds per pound weight, are roughly 500 
and 15. 

^The work donb per' unit volunu^, in elastic shearing action, 
is given by— 

2C 

The work done* by a load upon a given structure is equal 
to Vhe product ^f the load and the deflection of the structure 
in the direction o^ the*' load; this work done must also be c 


Fuller particulars of spring materials aie given on pp^SO to 384* 
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equal to the sum of the strain-energies (as defined above) of 
the members comprising the structure. 

This principle is a valuable one in connection with the 
determination of the stresses in complex structures, and has 
been applied to such examples as aeroplane wing bracings 
with dilTerent deflections at different places along the spars, 
bridge-trusses, and redundant frames; the method is known 
as the Strain-Energy one. It is, however, outside of the scope 
of the present volume to dis(*uss ])roblenis which rightly belong 
to the subject of the strength of structures. 

Table V. (p. 10) gives the average values for the tensile, com- 
pressive, and shearing resiliences of the materials indicated; 
in each case tl^e*resili('nco is given in inch pounds per cubic 
inch of the mate/ial. 


Simple Stresses (Inclined Sections). Fig. 4. 

Consider the eas(‘ of either a t(Misil(‘ or compressive force 
acting upon a ■|)iece of inatc^rial. If tln^ area of the cross- 
seetion AB be A square inches, and th(‘ total pull or ])ush be 
P pounds, then the intensity of stress oviu* AJl, is giv(ui by — 

V ^ pounds 2>t'r square inch. 


There it no tangential force along AB. 

The intensity of the normal tensile force over any section 
CD, inclined at an angles (?, to AB, for the ease of two tensile 
pulls is given by — 


/t 


P cos 0 i: ’ . 

^ cos2 6^— 2^eos2 q 

cos 0 


The tangential or shear stress over is given by- 

P sin 0 V . .. •• / 4 sin 26 

« ^ “A A ***" ^ ^ "" 2y 

cos 6 


^ * For fuller information the reader is referred to “^’ho Tlicory of Struc- 
tures,” by. Professor A. Morloy, chap, xiv., “ Deflection and Indeterminate 
Frames.” 



Resiliences of Different Materials. (Perry.) 
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Note.— ft, fc, and /s, are the tensile, compressive, and shear stresses at the elastic limits. 
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It will be seen that the maximum value of p, the shear 
stress, is and occurs when sin 2^ =1 or d —45°. 

It is of interest to note that the planes of cleavage or frac- 
ture of pieces in tension or compression are approximately 




Fig. 4. — SiMjLE ^ENSILE Stress. 

at angles of 45° to the axis.# The mutuhl frictional resist- , 
ance due to the relative sliding of tl\e surfaces some\^hat 
modifies this angle, however^ in actual cs&es. 

Complex Stresses. 

When a body is subjected to forces causing nort^l or 
shear stresses in known directions — that* is tO'say, when it is 
under«/ complex system of stresses — the effect caused will be 
I. 2* * 
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exactly similar to that produced by three simple tensile or 
compres^^e* stres.^es acting in- three directions mutually at 
li^ht angles. * 

Kach of these equivalent stresses is termed a “ principal 
stress,'^ and the planes normal to whieh they act are known 
as principal planes,” the directions of the stresses lying 
along the “ axes of stress.'' 

One of the principal stresses at any given point in the 
body is always greater than any other stress at that point, 
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irrespective of dircctioh, and a^nother of the f»rincipal stresses 
is always a minimum for all stresGes at that point. 

The state of strVss across anv plane can be found by alge- 
braic addition of the c< 5 mponents of the complex stresses 
alo^ and normal ko the plane. ^ 

(J) If a body he ^i^bjected to ^wo simple tensile* stresses,' 
acting in directions at right angles, as shown in Fig. 5, the 
r stresses upon any inclined section CD will be as follows 
namely: ‘ ^ « • 

♦ The same reasoning will ai)ply to the case of compressive str^ses. 
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Normal stress cos^ ^ + ^2 

rj , 4.- 1 4. sin 2d sil * 26 

Tangential stress q =j)^ — 2 — 2 * 

The maximum tangential stress occurs when 26 - 90^^ or 
6 45° and its value is ^ corresponding value of the 

normal stress on CD being ^ 

(2) Simple Shear.— If, however, one of tlie forces is a push, 
•whilst the other is a pull, then, either or will jie negative. 

Calling tensile forces positive, and compressive ones nega- 
tive, then the normal force upon CD becomes — 




Px 


ZP2 

2 


and when 2 ^T^V 2 Ih^re is no normal force. 

The only stress to which CD is subjected will then be a 
shear stress of intensity equal to p^ or p.^ 80 that a state of 
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simple shear may be produced by two eqilal, but opposite in 
sign, principal stresses acting at right angles, ‘and the ijiten- 
sity of the simple shear stress is equal to either^^thc^, anJ 
(^curs upon planes at 45° to the principal stress dif^ctipps, 
as sh^wn in Fig. 5a. 
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It can aisjD sho>vn as follows, that every tangential stress, 
no, matter how , it is originated, must be accompanied by an 
equal tangential stress acting along a plane at right angles 
to the other. If an indefinitely small cube ABCD (Fig. 5b), 
under the influence of shearing stress q, along parallel sides 
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of the material, be considered, then a little consideration will 
show that no possible arrangement of normal stresses upon 
the faces of the cube can balance this shear-couple. This can 
only be balanced by an equal and opposite shearing* stress 
along the sides of the cube at right angles to the other 
stress qy 

« 

Combined Normal and l^ear Strokes. 

In connexion with thfe stresses existing in beams, the case 
of a simple shear stress, and a ndrmal stress of either com- 
^pression or tensiob, occurs, as depicted in Fig. 6. It is 
required to find the resuitant normal stress, equivalent to 
thes^ stresses. ^ 

Considering incjefiliitely small^ horizontal and vertical • 
sections, BC ayd AC respectively, let p be the intensity of the 
fiorrnal stress, and q that of the shear stress perpendicular to 
AB, and along ^CB respectively. As previously shown, the 
shearing stress q along CB will be accompanied by an equal 
shearing stress q along AB. 
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If AC be the plane perpendicular to which the resultant 
stress r (the magnitude and direction of which* it is reqilired 
to find) acts, then the conditions for ec^uilibrium can be 




obtained by taking resolutes along AB and AC, and may be 
expressed as follows — 

^ {r - p) cos 0 ^-q sin 0 

q cos 0 sin 0. 

Whence^tan 20 

• p / 

and r . , + 

The maximum, or princij^l, stress is ^ivenlby the positive 
root value, and the minimum stress .by the negative ^value. 
It will be seen that these two resultant stresses act on wlanes, 
mutually at right angles.^ • • 

It also follows from what has already been*shown, tl^at the 
maximum shearing stress values act along j|j^nes»^nclin5d 
at 45° to those of the principal stressd^s ; itip value is — 


2 V 4q^ + 
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The Stress Ellipse. 

A convenient graphical method of obtaining or of repre^- 
senting the resultant stress on any plane of*a body which is 
subjected to two principal or simple stresses (tensile or com- 
pressive) is illustrated in Fig. 7. 

In the upper diagram a body is supposed to be subjected 
to the action of two simple stresses, and /a„ as shown. 
The stress ellipse enables the magnitude and direction of the 
fesultant stress upon any plane such as EF to be at once 
determined. 

Let two concentric circles, PQJR and SCrTH, be described 
with radii OQ ^nd OG respectively pro])ortional to the 
simple stresses ^nd p^. Draw E^F^ parallel to the plane 
EF in the i^jijper diagram, and OK peri^endicular to E^F^ 
Draw KZKi perpendicular to POJ, and through M draw 
ML perpendicular to QOR. Then the point lies upon an 
ellipse PGJH, and OL repre.semts in magnitude^ and direction 
the resultant stress upon the plane EiOF^ due to the simple 
stress(js p^ and p^. For any other inclination, a correspond- 
ing point such as L can be found by a similar construction, 
lying upon the stress ellipse, giving the corresponding resul- 
tant s|ress for that Inclination. 

If the simple stresses are unlike in sign — that is to say, if 
one is tensile and one compressive — then the dotted line 
OK^ will represent the resultant stress. 

More General Case of Principal Stresses. 

The case of a single normal stress ar;d two equal shear 
stresses at right angles hJ^ already been considered on 

p. 20. ^ 

It is now proposed to deal with thp case of two normal 
stresses and mutually perpendicular equal shear stress(?s as 
shown in Fig. 8, in which PQRS represent^f a very small 
block of the material of unit thickness, suf^jt^iijed ^ two 
simple tensile stresses p^ and p^, and to tw6 equal shearing 
stres^fes of intonsitv Q acting: at right angles 



24 . AIRCRAFT AND AUTOMOBILE MATERIALS 


The dirjjctions of the principal planes, and the values of 
the normal principal stresses are required. 

If EF be a p|^incipal plane at 0 to the direction of and 
if p be a principal stress on this plane, then the conditions of 




, Fig. 8. 

' f 

equilibrium of any small triangular wedge such as ABC, which 
^has ijts sides parallel to the sides of the rectangular block 
and to EF respectively, will be as shown in the lower diagrapi 
of Fig. 8. It will be seen by resolving the stresses, equating, 
and' simplifying, that — 
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tan 261- , 

Vi - 7>2 __ 

and p ± - ^(f. 

The directions {6) and magnitudes (/>) of the principal stresses 
are thus determinate. 

The planes EK and E^E^ of the principal stresses are at 
right angles, and the greater value of the principal stress 
^corresponding to the ])ositive root occurs on the plane EF, 
whilst the negative root value of p corresponds t^thesmallei 
principal stress occurring on the plane FAFi. 

The maximun^ shear stresses, as before, occur upon planes 
inclined at 45'^^to the principal planes, and the value of the 
maximum shear stress is — 

Properties of Beams. 

In the following considerations, the more im])ortant pro- 
perties of beams will be briefly studied, from the point of 
view of the subject of the properties of rnati'rials, since many 
of the materials are employed in automobile and aircraft 
work^ in the form of beams ; moreover, beam tests upon 
representfitive samples of certain materials, such as those of 
cast iron, timber, etc., form an important branch of the 
subject of testing of materials. 

A knowledge of the stresses and deformations of loaded 

• •. 

beams is essential to a correct understanding of the properties 
of materials employed in*th(^form of l^cams; in the following 
considerations, the princijiJes, and retfidts fleducible froiy 
same, will be considered, in many *eases without the analytical 
proofs. 

Bending Moments and Shearing Forces. 

When a beam, loaded in any manner, is ^u^ortc^ at one ^ 
*or more places, then the algebraic sum of%ll of the vertical 
load components to the right, or to the left, of the section 
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considered, is termed the Shearing Force, usually denoted by 
the letters^ S.F., at that section. Thus, in Fig. 9, which 
represents a beam supported at each end and loaded irregu- 
larly as indicated by the irregular area NPMA, if any section 



AB bo taken, then the 8.F. at this section will be given by the 
algebraic sum of the loads, say, to the left. If G denote the 
centre of gravity of the load, then the reactions of the supports 

at M and N respectively will be W • and W • 

Tf denotes the load represented by the area MPB, 


then — 




or taking the forces to the right of the section AB — 

» 

/ a \ , W'h 


S.F. = - W 


These forces, to the right,* or to the loft, must of course be 
equaf.^ ^ 

Copsider, next, the lAoments of qach of the forces or loads 
acting about aqy section such as AB. The algebraic sum of 
the rnoments of the forces taken about the given section, to 
the right, of'^ Y^e lefi/, of the section, is termed the Bending^ 
Moment about that section (usually denoted by the letters 

B.M.h ‘ 
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Referring again to Fig, 9, let the distances of th^ C.G.’s of 
the loads MPB and PBN from the vertical line PB* be denoted 
by c and d respectively, and the distances ^f the supports 
M and N from AB be denoted by x and y respectively. 

Considering moments to the left of AB, first — 

Then the B.M. at AB =W • ( ■ x - w, ■ c, 

or considering moments to the right — 

B I\r. at AB - - W • Q" + (W - w) ■ d. 

Each of these expressions must be the same, since the beam 
is in equilibrium under the force's acting. 

It is usual to (leAne positive shearing forces as those which 
tend to shear Jiie right-Jamd portion of the beam upwards, and 
negative for the left hand downwards. 

Positive bending momeyits are those which tend to hend> the 
beam,, in siu'h a manner that it is conceive downwards . It will 
be seen that this corresponds with an anti-clockwise B.M., 
with t|^e usual beam arrangement. 

From the sim])lc exam))l(‘ shown in Fig. 9, the definition of 
positive' and negative M.’s and 8 F.’s may be' readily 
followed. • 

B.M. and S.F. Diagrams. 

If the B.M. be estimate^] at seve^ral places along the beam, 
and ordinates be set up proportiemS^^ to tlje B.M.’s at these 
points, the curve formeei by* joining up the extremities of 
these points is known as the l^.M. Diaegrayp. 

In the case of a number o^ isolated loa^s, it is only neces- > 
sary to find the B.M. values at the points of applicatievi of 
; the loads, and to join up the B.M. ordinates by stmight 
lines. • * * * 

A convenient method of constructing the ^B.M. diagram 
for the above case is to draw the B.M. diagrani^or v^ch of 
^e loads separately, apd then to acid filgebraically the 
respective ordinates, as shown in Fig. 10. 
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Similarly, the S.F. diagram is constructed by setting up 
ordinate^ proportional to the S.F. at each place along the 




beam. TKe S.F* diagram is shown in Fig. 11 for the case 
of a simple beam supported at the ends and loaded in 
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t 

between. It will be observed that at the point of loading 
the S.F. changes sign, whilst at the ends* it chlinjes value 
abruptly ; this is due to the fact of the load being theoretically 
applied at a point, whereas in practice the load would be 
distributed over a finite length of the beam, and the change 
of S.F. would then be more gradual, being represented by an 
oblique instead of a perpendicular line. 

The S.F. diagram for the case of isolated single loads, as 
shown in Fig. 10, may be constructed, simOarly to the B.M. 
diagram, by adding algebraically the ordinates of the S.F. 
diagrams for the loads considered separately. 

For distributed loads, the B.M. diagram is always a curve, 
over the distributed portion; if the distribution is uniform, 
it is a parabolic cu^vc. The S.F. diagram in this case consists 
of an obliqu0»‘straight line. 

Examples of B.M. and S.F. diagrams for the more common 
cases of loaded beams, which occur in practice, are shown in 
Figs. 12 and 13, together with the maximum values of the 
B.M.’s, S.F.’s, and defiections. 

Graphical, methods for constructing the B.M., S.F., slope, 
and deflection diagrams for beams loaded in any mann(T,* 
are given in the author’s “ Design of Aeroplanes ” (Sclwyn 
and Od., London). 

The Stresses in Beams. 

A study of the internal stresses in the case of a loaded 
beam necessitates a knowledge of* the B^M.’s and S.F.’s at 
all points along the beam; the methods of obtaining these 
quantities have already been considered. 

A rough general idea of th» stresses acting irf a beam under, 
load may be obtained by considfering the case of a Jbeam 
supported at its ends and loaded in the* middle, as shown in 
Fig. 14 (A). 

It will be seen that the upper side tend£% to shorten, or 
compress, whilst the lower side tends to lengthen, or,^xten«l, 

* * Also see “The Strength of Materials/’ E.IS. An^lrew^Chapman Hall 
and ^lo.); “Theory of Structures/' Professor Morley. 
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TABLE VI. 





Maximum Bending 
Moment. 

Maximum Shearing 
Force. 

Maximum Deflection. 



WF 

x=^\Nl 

y-W 

3 E. W 

wl‘^ * 


wF 



8 Ei 

Wl 
“ 2 

it il 

W /3 

or.jj^at W. 


! W 6 


W-a 6 

y= r 


x = -T- 

J Wa 

3 Ei(a+T) 


' ,?= , 


• 

1 


W/ 

1 ' 

i w 

5 WP 



384E1 

• 



wl^ 

wl 

‘yWF 


~ 2 

384EI 





« 


ac^ 

cic • 



(W+z«;) 




— 

hc^ 

' be 


+ W.-y 

+„W- ; 

w W 

I 

- 

- 




wF 

W/ 

M 

w 

• 384E1 

,T — - ~ 

! ^ “ 2 

^ W /3 


1 

1 

1 

-vs 

• 

1 




32 ^AIRCKAFT AND AUrbMOBILE MATERIALS 

<" <■ 

under tensile action. There will evidently be one layer, 
sitjuated ilbar the centre of the beam, which neither extends 
iior compressed. 
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The axis of the section at which this effect occurs is termed 
the N^jiralAxis, and the layer concerned the Neutral Layer. 

An irnpomn't property of the neutral axis is that it always 
passes through the centre of gravity of the section, 
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Consider next the two equivalent forces acting upon any 
section xy of the beam. If the beam be supposed cut .at 
this section the dispositions of the forces preserving balance 


TABLE VII. 


Maximum Bending 
Moment. 

Maximum Shearing 
Force. 

Maximum Deflection. 
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will be readily seen to be •those shown* in Tig. 14 (B), aim tu 
comprise — • , 

(1) A compressive force above the neutr^l%g^is, 1C. 

* (2) A tensile lorce below the neutral axfb, F. 

A vertical shear force, S. 
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The moment of the couple due to the forces C and F is 
c{?lled thVh'ioment of resistance of the stresses acting, or of 
the section, and the following relation holds: 


Moment of resistance) 
of the section / 


External B.M. at the section. 


The Engineer’s Beam Theory. 

It has been assumed that there are two equivalent tensile 
and compressive forces, F and C respectively, which resist 
the external B.M. due to the loading of beam. Actually, 



Fig. 14.— Stres.ses in Loaded Leams. 


however, there i^s a distributed stress over each part of the 
cross-section of the beam, the' stress being tensile below, and 
compressive above. Moreover, the distribution of stress is 
such that it is zero at the lieutral axis, and increases to 

f 

maximum values at the furthermost parts of the section. 

A very valuable, yet simple, theory, the results of which 
are widely employed in engineeAng design practice, is based 
upon the fofiowing assumptions — viz. : 

1. Th?^,' the material of the beam is perfectly elastic both 
in tension and in compression — that is to say/ it 
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follows Hooke’s Law* — and also it has the^^me value 
of Young’s JModulus (E) for both teijsion and cdin- 
pression. • 

2. That a cross-seetion of the beam, whieh is plane before, 

is also plane after bending. 

3. That the limit of elasticity (or Elastic Limit) is not 

exceeded by any of the stresses. A certain amount of 
criticism has been based upon the failure of the 
engineer’s beam th(M)ry to predict “ breaking loads ” 
and phenomena beyond the Elastic Limits this is, of 
course, incorrect, as tiu' assum[)tions upon which ^ 
the theory is based apply only within the Elastic 
Limit. 

4. That eveiy longitudinal layer is fn^e to contract o*’ 

exteiAl uruhir stress, either laterally or longitudinally, 
just as it the layers wtu’o se})arate. 

5. That the initial radius of curvature of the beam is very 

large companal with the dimensions of any cross- 
section. 

One of the hrst (mnse(iuen(a‘s of tlusse assumptions, more 
particularly of (1) and (2), is that the distribution of stress 
across the', section obeys a linear law of variation — that is to 
say, it varies direadly as the distance from the neutral axis. 
Thus, if p ^the stress (tensile or compressive) at any distance 
y from the neutral axis, then — 

' P==k y, 

• • 

where A: is a constant depending upon the value of the B.M. 
and of the shape of the section. The vajue of the stress p 
at any given distance from tife neutral axis will vary directly ® 
as the B.M., and inversely as the moment of inertia o^ the 
section. * 

It is not proposed to giv? analytical prools of these forniula) 
here, owing to the limited scope and the nature *of the chapter, 
but rather to confine attention to results obtjiT^ij^ b^ their* 
flse. 


♦ Vide p. 8. 



-:J6 aircraft and automobile materiai^ 


vSjtresses ^aloross the Section of a Beam. 

" The followilig formula, then, holds, under the given assump 
tions — 

M 

p-y. j, 

where p =the stress at distance y from the neutral axis, 

M =B.M. at the section, 

I -^Moment of Inertia of the section about the neutral 


Units Employed : 

If M be expressed in pounds inches, I in (inches)^, and y in 
inches, then the stress p will be in pounds per square inch. 

If M be expressed in kilogramme centimetres, and I and y 
in centimetre units, then p will be the stress in kilogrammes 
per square centimetre. 

It will be seen that the value of the stress occurring depends 
largely upon the shape of the section, and that sections having 
a large moment of inertia about the neutral axis will have 
smaller stresses for a given depth and B.M. Values of the 
moments of inertia for the sections shown in Fig. 15 are given 
in Table VIII. 


Economical Sections : 

From the point of view of material economy (which is an 
important one, from the automoSile and aircraft points of 
view), it is deshable to design beam sections so that their 
moments of inertia, for a givqji dgpth, are as large as possible. 
This is effected b}) massing the material as far away as possible 
from the neutral axis. ^ 


The ratio - is termed the Strength Modulus* of the section^ 

V. ^ c r" 

and it is a measure of the moment of resistance which the 
material of tlie section offers to bending— 


for M 


I 

y 


Sometimos denoted by the symbol Z. 
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Special Cases : 

1. In the case of a square beam section of sMe a- 


I =12 y ^2’ 


2. For a rectangle of breadth b and depth d- 


I- 


bd^ 


d 


Y 2 and y=--, so that - = g- 


3. For a square of side a with diagonal along neutral axis- 

I =TTi a^nd ?/ = / j so that - ^,7 -7 or • 

12 y 12 

4. For a circular section of diameter d — 

Trd^ d .1 , T 

54 and y so that • 


T 


TABLE VI ir. 

Moments of Inertia of Solids. 


Type of Body. 

1 Moment of 
Inertia. 

Radius of 
Gyration. 

Circula<*disc about perpendicular central 
axis. Mafis = M, radius = >- 

My2 

2 

Kill 

Elliptical disc about perpendicular central 
axis. Mass = M, major axis^a, minor 
axis ~b • 

fl2-f 52 

M — 

sja^ + b^ 

v/2 

Sphere about a diameter . . 

• t 

^ Ma2 

“Vi 

Rod of length 1 about perpendicular axis 
through centre • 

• 

IW2 

12 

1 

/v/12 

Rod of length 1 about perpendicular axis 
through end 


1 

'Jh 

% 

Cylinder about perpendicular axis. 
Radius = r 

Mr2 

Y 

^ne about axis perpendicular to its 
•height / through apex 

M /2 , } 

•t* 

\/] 
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Peoperties of Sections. 


No. 

Moment of Inertia 
about Dotted Axis 8 
through C.G. 

Radius of Gyration 

Strength Modulus 

Z. 

I 

bd^ 

12 

^ 6 {b+lA) 

drb+ 2 h^-^ 

0 ' 2 ^gd 

bd^ 

6 

2 

d\/ 

V i8(/; + ^j)(2^,+6) 

7/2[62+45tl + /)i2j 
I8(6 + 61) 

3 

hd^ d 

^ a — 

3 

o-2357(^ 

, 67/2 

18 

4 


0-456(7 

5a3 

• '8' 

5 

12 

0-28977 

2 

~Y 2 

6 

mai^-P) + 

bi{J^-\-a\)] 
bb 2 ^ + bidi{d-^b.^y 
2 lbd- {b-bi)dj} 



I , I 
"1 ^ 1 -f 

7 

bd^- (6-6i)V 

12 

where 2a + 

/ bd^-{b-bf)d^^ 

V 12[M - (6-6,)(ii] 

bd^-{b-bi)dy^ 

6 d 

8* 

64 

o-25(i 

' ird^ 

Zi 

9 

Ellipse 

7 bd^ 

64 

0-257: 

0 

■jrhd^ 

32 

lO 

d^Tw ^8-1 

16L8 qtt J 

— O'OoGqd^ 

^d 

a— =0-2122(2 

1 

0-1327/ 

c 

1 , 1 

11 d , 
a d 

2" ^ 

II i 
Parp- 
bola 

-- M3 V 

175 . 1 

0-2619^ 

7 



• Fq^ an annular circular section for which outside diameter = d 
arxd inside dr'Jvihhter = 
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5. For a thin hollow circular section of diameter d and area 



A-d2 

' 8”' 


and y 


d 

2 ’ 


so that - == 

y 


M 

4 ' 


The relative strength moduli of beams of equal area having 
the sections given in (1), (2), (3), and (4), will be (calling the 
area unity in each case) as — 


j2 y_2 _ 1 

^ •* (> • 12 •* 

or as— 

M/O : 1 002 : 0-831 : 1-000. 


Shear Stress in Beams. 

Hitherto, the normal tensile and compressive stresses (due 
to bending) only have been considered in detail, although 
it has been shown* that a vcTtieal shear stress must exist 
along any section. 

This shear stress must be accompanied by an equal shear 
stress acting at right angles to it — that is, along the length 
of the beam. * 

Now the shear stress, as in the case of the normal stresses, 
is not uniform over any section; it can bo shown, by analy- 
tical methods, to vary across the section, according fo the 
shape of the section, being a maximum at the neutral axis, 
and a minimum at the outermost parts of the section. 

The value of the horizontal (and also the accompanying 
vertical) shear stress at any distance from the neutral axis, is 
given by — 

S • ii • ■?/. 

b.l. ’ 

wher3 S total shear stress on the section due to bending, 

' A ==area between the point of section at which q is 
considered and the outermost part of section. 

< (Tnis area is shown shaded in Fig. 16.) 

2/o is the distance of the C.G. of this area from the neutral 
* Vide p. 20. 
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axis, h =the breadth of section, and I =its moment of inertia 
about the neutral axis. 




Fio. 17. — SiiKAR Stress over Rectangular Beam Section. 

Consider the case of a rectangular section^ sheVn in'" 
Eig. 17. The shearing stress q at any*plaife situated at a 
distance y from the neutral axis is given by- — 
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bd« ■ 

3 S 

At the neutral axis y - O and q , ,■ 

^ 2 bd 

At the outermost layer ^ q=0. The intensity of 

shear stress variation for a rectangular section of the propor- 
tions shown in Fig. 17 is illustratf'd in tlu' diagram on the 
right-hand side. 

For a c'rcular section th(' maximum sh(‘ar stress, at the 

4 

neutral axis, is ^ of the mean. 


I-Beam Sections. 

The distribution of shear stress, over the section of an 
I beam, of the proportions shown in Fig. IS, is illustrated in 
the scale diagram on the right-hand sid(‘. 

Employing tlu^ previous notation and that of the diagram, 
the intensity of shear stress in the flang(‘, at a distance y 
from the neutral axis, is given by — 


7 


s /n2 
2lV4 



At the inner edge of the flange y - ^ and then — 


8 / 1)2 

" 2l(, 4 ~ 4 )• 


For the web, if y^ be the distance from the maitral axis, 
the intensity of shear stress — ^ 

81 

At the centre y - O, and — 

At' the jvner edge of the flange (where the web ends) — 

I ) 

y and 9 f ' (D^ - (fi). 
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It will be observed that the shear stress changes at this 
place by an amount equal to ? times its valuofor the flange. 

It will also be seen tha^ the intensity o? shear stress is 
nearly uniform over the web, and is considerably greater than 
in the flanges. 

Tor most ])ractical purposes it is sufficiently accurate' to 
assume that the' web takes all of the slu'aring force due to 
bending, and that the flanges take' all of the normal stresses 
due to th(5 bending moment. 



tqc!. 18. — tSiTEMi Stress over I-]5evm Section. 

It should be remembered that the vertical shear stress at 
any place is accom])anied by An equal horizontal shear stress 
at the same ])lace. _ , 

This horizontal stress must be t^ken into account in the 
case of built-up, glupd, riveted, or joiiTed beams, foi; the 
rivets, glue, or joint materials have to \fi*th«tand this sheaiing 
stress. This point is often overlooked in design work, fre- 
quently with serious consequences. Ihe effect of roi^ding^ 
fjie comers of the I beam, upon the shear-intensity diagram, 
is shc^wn by the dotted lines in Fig. 18. 
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^ Web an^.»E[ange Stresses. 

, For the simple I-beam section shown in Fig. 19, and with 
the notation indicated thereon, the moment of resistance may 
at once be computed. 

Assuming that the web takes none of the normal stresses 
owing to its relatively small area compared with the flanges, 
and denoting the mean tensile and compressive stresses upon 
the upper and lower flanges by and respectively, then^ — 

Moment of Resistance = A^ /t • ^ A^ • /e * 

=]kM. at the section. 

8o that 

Jt 

where A^ and A^ are the respective areas of the flanges. 



The areas of th^ flanges are therefore inversely proportional 
to the stresses to which they are subjected. 

^ * 

The safe sbearin'g stress q 

where S - total S.F. on section, 
a =area of web. 

K is usually fou'nd m practice that the area a given by this 
method gives' a much thinner web than can be actually 
employed. ,.^The size of the web is then governed by local 
buckling conditians. ' « 

If the web has an appreciable area compared wihh the 
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flanges, as in the case of cast-iron beams, and aeronlane wing 
spars, then the following relations hold: 



'7. 






Ao ~A,-j+a 

Jc 

h-L 

■ • 


At --A^ 'y +a 
Jt 

, /c-A 

■ 2/. ■ 

The values of 

the strength moduli are given b>'- 



for compression. 

and — 




1 for tension. 


The moment of resistance, or B.M., -/t • Z^. In the 

case of thin flanges, liable to local or secondary buckling 
stresses, under compression, it is usual to takt? a value of 
Jo at from 50 to 80 per cent, of the value given by crushing 
tests of short specimens. In the case of beams with thin 
webs, which, however, arc sufficiently strong to take the 
shear, it is usual to locally stiffen same, by means of suitable 
webs, side-members, etc. 

Some typical examples of economical solid and built-up 
beam sections, as employed in practice, are shown in Fig. 20. 

The Resultant Stress in Beams. 

The shear and normal ^treftses in beams under load have 
each been considered separately, and it now remains to study 
the combined effect at each part of the section of these 
stresses. 

The stresses which ocoiir at any phVt»of the section^are 
those shown in Fig. 14, and consist of — 

1. A normal stress, either tensile or comnressiv®. 

2. A shear stress acting horizontally. 

3. An equal shear stress acting vertically. 
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The resultant or principal stress corresponding^ to these 
stresses acts normally to a plane,* the, inclinatR>n of whiph 
depends upon the relative values of the component stresseti 
—that is, to the, locality of the part of the section at which 
they arc considered. 

Fig. 21 illustrates the manner in which the principal 
stresses occur over the section of a beam, the right-hand 
diagram showing the resultant of the stresses shown in the 


other two diagrams. 



• 

If a number of such si'ctions be treated in this way, a series 
of curves, showing the directions of the principal stress^es. 
can bo obtained, simila* to that shown in Fig. 21a. The 
eoncave-upwards curves* marked positive^ are compression 
stress directions, whilst the concave-downwards curves marked 
negative are tensile; the* example shown corresponds with 
the case of a uniformly loa4ed beam supporte4l at its ends.^ 
Fig. 21b shows the manner in which the shear and normal 
stresses vary along the span of a loaded beam suppprted 

at its ends. • * ^ 

It will be observed that the shear stress diagram vanishes 
at the centre section of the beam, whUst the normal stress, 
reaches its maximum values, whereas at ^he eHds of the 
* Vide p. 20. 
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beam the^ shear stress is a maximum and the normal stresses * 
zero. The effeet upon the directions of the principal stresses 
is clearly showp in the diagram. 

Deflection of Beams. 

Having considered the stresses occurring in loaded beams, 
it now remains to study the effect of the strains produced. 


Upon the same assumptions that were made in the case 
of the stresses, as regards stressing within the elastic limit 
and in connection with plane sections remaining plane after 



Fig. 21a. — A, Lines of Principal Stresses in Loaded Beam ; 
B, Distribution of Shear and Normal Stresses. 


bending, it can be shown that the curvature* produced by 
bending is proportional to the bending moment and inversely 
to the morqent of inertia, and to the modulus of elasticity — 
that is : 1 M 

R^El’ 

< >vhere R = radius 6f curvature, ^ 

E ^Young’s modulus, 

I =Moment of inertia about neutral axis, 
iVE = ndii.g moment 

* Here “curvature” is used in the sense that it is inversely projjortional ' 
to the radius of curvature. 
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But it has been shown that 

M p 

I 

SO that — 

1 M p 

n El Ky 

It follows from this that if the B.M. is eonstant for all 
places along the beam, then the beam will b(‘ bent nnihainly 
to a circular arc. 



Fio. 22. - 


Mathematical Expression for Curvature, Slopp, and Deflectiqjj. 

If distances along the span (Fig. 22) from a^given origin 
be denoted by x, deflections at x, perpendicular to the i^jitial 
length of the beam, by u, and the angular slo^)e^ ^t^:r of the 
beam by 0, then the following relations hold: 


I. 
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1 _ M <1(9 
<'< R~EI“3i' 

' ' 

SO that — ^ 

and- ^ ■ "'/S ■ 

u^fe.dx^Jf^^.dx. 

It is usual to choose the origin at the point of loading or 
of support, and to express M, the bending moment, in terms 
of the dist 6 .nce x and the loads. 

r Example . — Find the slopes and deflections at the centre 
and ends of an uniformly loaded beam supported at the ends. 

Let w =the uniform load per foot run of beam; 

I =span of beam. 


Taking the origin at the centre, the B.M. at any point 
situated at a distance x from the origin is given by — 

wl^ wx^ 


jVj 


The slope — ® ^ 

». ■/!& ' Si (^'0 


At the centre x -^0, and there is no change of slope. At 

1 zol^ ® 

the ends a; =5 and 0 

2 24EI 

(It should be noted that if w is in pounds, E in pounds 
per square inch, and I and I are ^21 inch units, the slope 6 
is given in circular mep,sure, or radians, 1 radian being equal 
to 57-296°.) 

The deflection— * 

• , (4-3j'^=m-(2-3> 

Ac the centre, tl;i^ deflection will be given by putting ^ 

a; = 2 ? since tfle origin is there. Then — 
r ^ 5 wl^ 

Similarly for other types of loading. 
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Special Cases of Loaded Beams. 

It can be shown that the greatest slope of ariy loaded beapa 
can be expressed in the form — 

WZ2 


and the greatest deflection by — 


El 


W/3 

El ’ 


where a and b are constants, W the total load, and I the span. 


TABLE IX. 

Values of Constants in Slope and Deflection 
Formulae:. 




Value of Cormtani. 

Type of Beam, 

Loading. 

Slope. 

a. 

Deft eel ion. 
h. 



In dm 

In Um 



wl'^ 

j wD 

• . 


/-;/• 


Cantilever of uniform 

Single load at 


1 

section. 

end. 


Cantilorer of uniform 

Uniformly distri- 

h 

I 

section. 

buted load. 


Beam of uniform section 

Single load at 

A 

1 

1 S 

supported at ends. 

centre. 


Beam of uniform section 

Uniformly distri- 

A 

7^4 

supported at ends. 

• buted load. 

• 



The deflections of a beajn subjected to more than one load 
is equal to the algebraical sum of the deflections due to the 
separate loads. 


: Shape of Bent Beam (Trai^sverse Bending)., 

When an initially straight beam is bent, tl^s longitudinal 
filaments on the compression side of the neutral axis Income 
‘^bulged,” whilst the tension side filaments* be<lbme con 
tracted, with the net result that an originally rectangulai 
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section approximately assumes the shape shown in Fig. 14, 
for the' case oi a beam supported at the ends. 

'Since the lateral strain = 0 - (longitudinal strain), where a- 
is Poisson’s ratio, it follows that the transverse radius of 
curvature will be o- times the longitudinal radius, or Ro-. 

In practice, the assumption of freely extending or con- 
tracting filaments does not hold for most materials, and for 
wide beams, such as flat stri])s. 


Work Done, in Bending a Beam. 

r The resilience of a beam is measured by the sum of one -half 
of the products of the B M.’s and the angular slopes according 
to the relation — 



or to the sum of one -half of the ])roducts of the loads into 
the deflections eaiis,‘d by the loads. 


F /\w ♦ du. 


It can be shown that in the case of a rectangular beam 
of constant se(‘tion, subjected to a uniform B M. — 

/c‘^V 




OF’ 


where = maximum stress at the outermost fibre, 

V ^volume of beam. 


Stresses due to Torsion. 

^ When a pap; of equal, but opposite, couples are applied to 
the ends of a rod or shaft, and which act about the axis of the 
shaft, the stress carried is one of pure shear, and the shaft is 
sai^ to be subjected 'to torsion, tl^e moment of the couple 
being termed yie torque. 

The^ intensity of the shear stress, in the case of a circular 
shaft, varies ^flom zero at the centre to a maximum at the 
periphery, the distribution being that shown in Fig. 23 (c). 
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The shear strains caused will also follow the_s»yiie law of 
distribution. 

The shear stress f/x at any radius x will b# given by — 



where r/^, shear stress at radius r. 




iho shear strain (f> at radius x (or angle of shear) is given 


If T -the applied torcpie, then— 

2 lb ’ 


where d=^2r diamt^e. of the shaft. 

For a hollow shajt of external aitd internal diameters d 
and respectively, the inaxynum shear stress q at the peri- 
phery is given by — 

TT^ 

^ lb ’ 

IbTd 

The maximum intensity of stress is alterecf very little by 
removing quite an appreeiable amount of ^n^aterial from*^’ 
around the eentre. Thus the relative* valRes of^the maxi- 
munt stresses, for a given torque, in the cases of a solid 



c 
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shaft, and a hollow shaft of the same outside diameter, but 
with the inside^ diameter equal to half of that of the outside, 
are as 15 to 16 (Respectively. 

The relative weights are as 4 to 3, and the relative 

maximum shear stress » ^ 

ratios . are as 3*75 to 5*8, so that the 

weight 

hollow shaft is considerably the stronger for its weight. 


Angle of Twist. 

The anglg of twist 0 for a length I of shaft, of diameter d, is 
given by— 

^‘0 (where ^ longitudinal twist) 


a 




Whence 0 - 


32T • / 
TrdHi’ 


For a hollow shaft of external diamet(“rs d and d^ respec- 
tively — 

32T/(^ 

^"rrCld^-d,^]' 

Note . — The angles 0 and given in radians. 

Units. — If linear dimensions such as I, d, d^, etc., bo in inches, 
T in pounds inches, C in pounds per square inch, then the 
shear stresses, such as q, will be in pounds per square inch. 


Horse-Power Transmitted by Shafting. 

The preceding results may be applied to practical engin- 
eering cases for ascertaining the dimensions of shafting or 
members transmitting torque, or power. 

In order to determine the diameter {d inches) of the solid 
shaR which will transmit a given horse-power (H.P.), it is 
necessary to know: ( 1 ) the revolutions per minute (N); (2) the 
material of the shaft; and (3) the permissible factor of safety. 

The higher the revolutions, for a given H.P., the smaller 
will be the torque, and therefore the diameter of the shaft. 

(S'". 

yr p Torque (pounds inches) x N 
■ 63030 
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t 

Factors (2) and (3) determine the value of the ^ear stress 
q. Materials possessing a high ultimate tensde strength will 
require smaller diameters, and if the torque^ is a fluctuating 
one, or is applied frequently and suddenly, the factor of 
safety will be higher than for steady torques; it is always 
the maximum value of the torque which should be considered 
in such cases. 

The diameter d is given by — 

/H7P 

d =68*5 \/ ^ ^ inches, 

q =the greatest permissible shear stress in pounds square inch.* 

For steady torques q —9000 pounds square inch for wrought 
iron, 4500 for cast iron, 10,500 for mild steel, 13,500 for cast 
steel, 19,000 for untreated nickel-chrome steel, and 33,000 
for air-hardened nickel chrome steel. 

For varying torques, much lower values of q must be taken.* 

ombined Bending and Torsion. 

Many examples occur in aeronautical and automobile 
work of shafts which are subject to a bending action in addi- 
tion to that of torsion. For example, any overhung shaft 
transmitting power by torsion will be under bending action 
due to the weight of the overhung part or connecting-rod 
thrust. The crank-shaft of an engine is subjected to the 
bending action of the ^connecting-rod thrust, and to the 
'torsion of the crank. Tfnother common example is that of 
a shaft having a pulley, the belt on A^hich ’exerts a pull upon 
the shaft whilst running. • If»the bending moment is appre- 
ciable compared with the to^^que, its effect should always be 
taken into account. Moreover, the*maximum values of these 
quantities should be considered, and net the mean vf^ues, 
for in many cases, notably those ocemring in petrol engine 
work, the torque varies, sometimes considerg^bly during a 
working cycle. 

^ The following table gives the ratios *of t|ie* iTicfcimum to 
* See p. 56. 
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mean values of the torque upon the crank-shaft in the case of 
different ly]Ies of petrol engine. The bore and stroke in each 
case are 3 and 4 inches respectively, and the constant speed 
1000 R.P.M. The ratio of connecting rod to crank is 4-0. 


TABLE X. 

Petrol Engine I'orques. 


1 

Tyi)C. of Kfujine. 

M ax im um Torq u e 
Value. 

; Pat to 

' Maxim 1(711 Tot quo 
Mean Torque. 

i 

' Singlo-cylindcT 

Pounds Feet. 

204 

8-0 

Two - cylinder vertical. (Cranks 
at 180°.) 

204 

1 4*0 

Two ■ cylinder opjjosod type. 
(Cranks at 180°.) 

204 

:m) 

Two-cylinder 00° V type. (Siniile 
crank.) 

204 

4-0 

Four-cylind('r vertical. (Cranks at 
0°, 180°, 180°, 0°- ordinary 

motor-car type.) 

204 

2-0 

, , 9 

Six-cylinder vcrticn! (Cranks at 
0°, 120°, 240°, 240°, 120°, 0° 
ordinary motor-ear typi*,) 

204 

L4 


When a shaft is uiuIct combined bending and twisting 
action, then* will be at any cross-section a direct tensile or 
compressive stress varying from zj^ro value at the neutral 
axis to a maximum at the furthermost ]:)arts of the section 
or periphery, and a shear stress varying from zero at the 
centre to a maximum at the periphery. 

^ The intensity of the normal 'Stress on th(‘ surface is given 

32M 

and of the shtjar stress at the same place by — 

16T 

These stresses occur in different directions, and further 
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there is another accompanying shear stress q acting at right 
angles to the one above mentioned. ^ 

These stresses may be combined by the i^iethods already 
considered, and the principal stress value's r will be' found to 
be given by — - 


2±vV + '4 


JC) 

TTil^ 


[M± Vi2 + M^J- 


The re'sultant stress r will be' se'cn to be similar to that 
caused by a shujJe equivalent bending me)ment of value 
2 ± n/T^ + M^] ^1" hy single equivetUnl iwlMlng ynonient of 

amount [M ± + The resultant stress r is, howe^ver, 

a normal stress, the positive re)e)t value corre's])e)neIing to the', 
maximiinp and the' ne'gative re)ot value te) the minimum 
principal stress, whic h eeccurs at right angle's to the' direction 
of the former. 

The greatest she'ar stress elue to p and <{ acting together 
is given by — 


\/ q'^ + 


If) 


4 Tedl^ 


/jM^+'P, 


and occurs over plane's incline'd at 45^ te> the' ])lanes of f)rin- 
cipal stress. 

The maximum [irinc'ipal stress value' is usually considered 
as being the working stress in the shaft, whilst the' maximum 
shear stress dcte'rniines tl^e manner of failure, when the shaft 
is loaded to destruction. 


Work Done in Torsion. 

The mean rt'silicnce ejf a sl»ift under teersion iS given by- 

0 


I T 




1()( 


, per unit length. 

^r 


Or mean re'silience per unit volume whtfi’e*^e/ is the* 

sfiear stress at the circumference. 
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Struts apci Columns. 

Although this subject is chiefly experimental, yet many of 
the formulae fo^ expressing the strength of struts are based 
upon theoretical considerations, and will therefore be con- 
sidered in the present chapter. 

When a short column* is compressed, the crushing strength 
is well defined in brittle materials, such as cast iron and 
timbers, but is not so evident in the case of ductile materials, 
like mild steel, owing to the lateral yielding or flow of the 
metal. < 

When the length of the column or strut is at least two 
times the least cross-sectional dimension, and above, the 
column fails in quite a different manner under end-loading; 



Fig. 24. 


the first sign of yielding is a slight flexure to one side. 
When this state occurs, then' is not only a direct com- 
pressive stress over any sc'ction XY, but tliere is also a 
bending moment of amount /c • A • d, the effect of which is to 
superpose an additional tensile stress upon the convex side 
Y, and a further compressive stress upon the concave side X. 
When sideways flexure once commences, it usually continues 
until the strut finally breaks down with very little additional 
load. ‘ 

There are certain ‘formulae for expressing the crippling 
loads of struts, which are Kised upon the assumptions of 
perfect hon;ogendty of the material, perfect initial straight- 
ness of the strut, and correct centrality of the load; these con- 
ditions are only approximatcxl to in practice, for struts are 
sddom entirely straight or are loaded quite centrally. 

In all case^ in which the length is greater than one and a 
half times the least cross-sectional dimension, the member 

t. 

must be^trbated as, a strut, and not as a simple compression 
block. 

* For tiiG results of tests upon short columns soo p. 102. ^ 
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Failure of Thin-Walled Tubes.* 

In the case of thin hollow columns, such as* metal tubes 
and hollow spars, if the thickness of the matei*ial is loss than 
a certain proportion of the least sectional width, the strut 
will not fail in the manner indicated above, but by a local 
buckling or secondary flexure, which occurs at a much lower 
value of the crippling stress than if failure occurred by side- 
ways flexure In the case of metal tubes, the thicknc'ss 
should not be less than about one-fifth of the diameter, other- 
wise pronounced crinkling will occur at the maxiintim load. 

Formulae for Crippling Loads of Struts. 

Most of the formula 3 employed for expr(‘ssing the breaking 
loads of struts are based u])on rational or theoretically derived 
formulae; but in nearly all cases the constants or coefficients are 
derived from experinumt, and often embody corr(*ctions for 
departures from the hypothetical conditions assumed. 

All of the better known formube agree in (^xpn‘ssing the 
fact that the value of the crii)pling load depends upon the 

. . * Length of strut .. 

’ Least moment of inertia ot the cross-section 
is called, the Slenderness Ratio,] 

It is well known that a strut always fails by bending in 
the direction in which the least moment of inertia occurs. 
In the design of struts, therefore, it must be remembered that 
it is the value of this least moment of inertia, other things 
being equal, which determines the strength of the strut. 

In some formulae, for exa/npl^ the Gordon one, the value 
of the least width is employed in place of ^e least moment 
of inertia, or radius of gyration; the <jonstants being modified 
accordingly. 

Values of the least radii of gyration for typical strut sections 
are given in Table XI. on p. 61. 

* Also see “Design of Aeroplane Struts,” W H Barling and ty A 
Webb, Aeron, Journ., October, 1918 , ^ * 

f The least radius of gyration i.s often employed in jiiaeo of the moment 
of inertifi* in this connexion. 
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The rqanncr in which the ends of a strut are fixed affects 
the value of ^the crippling load to a considerable extent, and 
therefore in al,l strut test results the nature of the end fixing 
should be specified. 



The cri Jading load of a given strut having rigidly fixed ends 
is abourfour times that of the same strut having hard rounded 
ends. Fig. 24 a shows graphically the results givens by the 


Fig. 2tA. — M eial and Wooden Strut Formul*® Results (Rounded or Hinged Ends). 
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TABLE XI. 


Least Radii of Gyration of Strut Se^^tions. 


Shapfi of Cl oss-Section of Strut. 

Ciicular section of diameter^ IJ . . 

HolloM' circular section diameters D and d 
Square section of side .. 

Rectangular section long side -d; short side - h 
Thin square cell of side -- b 
Thin circular coll of diameter- d 
Ellijitical section major and minor axes a and b 
Equal angle section (sides b) 

Eijual cruciform section (sides- b) 


L(‘a<t lirdiu^ of Gijidliw,, 
0-25 d. 

d’-^. 

0-289 1). 

0-2S9 d. 

0-408 b 
0-954 d. 

0-444 b. 

0-204 1). 

0-204 b. 


difTerent forniuku for the stri'ngth of steel and ‘east-iron 
struts, with liinged ends. 

Euler’s Formula. — This is based upon tlu'oixdical eonsidera- 
tions and is intended to apply to the case of long struts in 
which the slendern(\ss ratio is not less than about 90. The 
usual form is as follows: 

The cripi)ling load P - ^a-tt^PA- pounds, 

where P -modulus of elasticity in jiounds jkt square inch, 
I ^^tlui least moment of inertia about an axis through tlu' 
C.G. of l^ie cro^s-se('tion in iiuth units, I is the haigth of strut 
in inches, k is the corresponding h^ast radius of gyration in 
inches, and A is the cross-s('ctional area in s(piar(‘ inches 
(T-A-A:2). 

The value of thc^ constant n depends upon the mode of 
fixing of the ends; the following tabh^ gives the values of n 
for the more important eno’^fixing conditions: 

TABLE XI L ' 

> • 

Values of Constant n in Euler’s ^Formula. 

Mode of End Fixture. ^ Value of n. 

1. Both ends rounded, or lunged, so that strut is free to m- 

clmo in any direction, but tliecnds cennot movc4jodily 
. sideways .. .. .. .. .. .. 1 

2. * Both ends fixed, and forced to remain ])arallel to*the <iirec- 

tion of the thrust . . . . . . . . . . . . 4 

9 One end fixed rigidly, and the other rounded or hinged* 

but not free to move bodih'^ sideways . . . . . . 2-25^ 

4. One end fixed rigidly, and one rounded or hinged, but free, • 

, to move bodily sideways .. .. ?. j. . ?l-25 

5. Both ends fixed in direction, but one end free to move 

bodily sideways 


1 
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TABLE XIII. 

‘Values of Elastic Moduli used in Eulee’s Formula. 


Material, 

Wrought iron 
Mild steel . . 

Cast steel and alloy steels 
Phosphor bronze . . 
Aluminium bronze 
Gun-motal . . 

Copper (cast) 

Copper (rolled) 
Aluminium (ca.st) . . 
Aluminium (plate) 

Ash* 

Spruce* (silver) 

Hickory* . . 

English oak* 

Elm* 

Pitch pine* 

Rod pine* . . 

Honduras mahogany* 


Value of E. 

{Poundfi per Square Incfu) 

28.000. 000 to 30,000,000 

29.000. 000 to 30,000,000 

29.000. 000 to 31,600,000 

14.000. 000 

15.500.000 

11 . 000 . 000 

11.000. 000 to 13,000,000 

12,300,000 to 10,800,000 

12.500.000 

13.500.000 

1,600,000 

1,800,000 

1 , 800,000 

1.450.000 

1.600.000 

1,600,000 

1.500.000 

1.350.000 


The Rankine-Gordon Formula. 

This formula is intended to apply equally well to both long 
and short struts, and it is so arranged that for very long 
struts — that is to say, by making the length I = infinity in the 
formula — it gives values corresponding to the Euler formula, 
whilst for very short struts — that is, when I =-0- — it gives the 
ordinary material crushing stress or load. 

The formula is as follows, viz. : 


Crippling stress p =-- 


l+c- 


12 


pqunds per square inch, 


where /c=^the crushing stress for very short columns of the 
same material, in pounds per square inch; 

I - the length, and k tne least radius of gyration, in 
' inches; 

and c-a constant depending upon the material and the 
mode of end-fixing. 

The following values for /c and c represent the average of 
the mor;^ feliable pjpblished values. 

* Average values, along tlio grain, tor good well seasoned tippber. 
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TABLE XIV. 

Values of Constants in Rankine-GordotJ Formula, 


Material . 


Wrought iron . . 
Mild steel 
Hard or cast stool 
Cast iron 

Pitch pine* and oak 
Ash’*" 

Spruce* , . 


Value of Constant 

fc- 

{Pounds Square 
Inch.) 


30.000 

48.000 

00,000 to 70,000 
00,000 to 80,000 
8000 
0000 
5000 


Value of Constant 

c. 

{For Hounded or 
Pin- Jointed Struts.) 


7 ‘.'o II 

|> 0 0 0 
1 

1 (i 0 0 
n o\i 

n o'o 0 
1 

t 0 o 0 


Note 1. — When using the formula for struts with iixed ends another 
constant Ci — 4c must be used. 

Note 2. -Ckirvcs of crippling strengths for different timbers are given 
in Vol II I of this book 


The Gordon Formula. 

This fonnul^i closely resembles the preceding one, the only 
difference being that instead of employing the least radius of 
gyration k, the least width of the cross-si'ction b is used, 
thus : 


for rounded ends or pin joints. 

The relation between the constants in the two formula) is 

» * 

as follows — namely : 

c a * 62 

;t2=p or O 

» 

. The following are the values of a for certain commoAly 
occurring cross-sections, the* value of /c being the same as in 
the preceding case : ' 


* Average values, along the grain, for well-seasoned gopd'grac t timoers. 
f “ Non-Ferrous and Organic Materials 
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TABLE XV. 

Values Constant a in Gordon Formula. 


Form oj Sectioyi. 

1 Values of Constant a. 

Mild Steel. 

1 l^rot. Iron. 

j 

(Jast Iron. | Timber. 

Solid circle . . 

■ 75 

r. 0 0 

,i„- < 

Solid rectangle 

5 1 0 

7 (L 


Hollow circle 



1 i (» 5 0 5 

Hollow rectahglo . . 

1 

\ I'o 


L,T,H or cruciform section 



j 

with sides equal to b . 

‘1 0 0 

i , 

4 0 0 ' 

' 1 

0 0 10 0 

Built-up sections . . 

I 

4 (>5 : 

1 

7. 5 0 1 



Approximate Straight-Line Formulae. 

Those forinuUo, which (le])(‘D(l \i])on the assniiiption that 
between certain limits the curv(‘ expressing the relation 

between /c and ^ is a straight line, are employed for approxi- 
mate purposes in America. A ty])ical one is the following — 
namely : 

The values of e are as follows : 


Material , 


Value of 0 


Wroufjhtiron.l 


Cast Iron. 


Mtld Sled. 


0-0053 


0-0080 


0-0053 


Timber. 


0-0083 


T^he values given, for the constant e, vary in value according 
tc different authorities, the differ^'nces being no doubt due to 
experimental, errors, and the different qualities of materials. 
Anot/ier straight-line formula for hinged silver-spruce struts 
is given i:i VbL II. of this work. 

o 

In the case of struts loaded eccentrically, or subjected to 
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a side or lateral bending moment, the crippling loads become 
less; for a f idler discussion of these oases and other stiess 

o 

problems the reader is referred to the followir^g works : 

“ The Strength of Materials,” E. S. Andrews. (Chapman and 
Hall.) 

“ The Strength of Materials,” J. A. Ewing. ((Cambridge 
yniv. Press.) 

“ The Theory of Structures,” A. Morley. (Longmans and 
Co.) 

” Applied Mi'chanies,” Professor Perry. (Cassoll and Co.) 
Mechanics Applied to Engineering,” Coodman. , 

And to papers upon struts, in — 

Proc, Inst. Mcch. Engrs., P)05. 

Engineering, July 14, PK)5; January 10, 1008; July 2, lOOlC 
January 14, 1910; and March 31, 1911 : by Dr. VV. E. Lilly; 
July 2v) and August 2, 1912, by H. V. Hutt; August 22, 1912, 
by R. V. Southwell; September 21, 1917, by A. Morley 
Also vide — 

“ Sfruts of (k:>nical Taper,” H. A. Webb and E. 1). Lang, 
Aero. Journ., A])ril, 1919. 

“ Design of Aeroplane Struts,” H. A. Webb and W. H. 
Barling, Aero. Journ., October, 1919. 



CHAPTER II 


THE PROPERTIES OF MATERIALS UNDER TEST 

The Properties of Materials under Test. — Metals. 

The preVious chapter dealt with the stresses to which 
materials are subjected as viewed from the theoretical side. 

It is proposed to consider the actual behaviour of materials ^ 
under different kinds of tests in the present chapter; for 
bhis purpose it is deemed advisable to deal with the properties 
:)f metals separately in the present chapter, and to consider 
the ])roperties of timbers and other miscellaneous materials 
in the respective chapters devoted to these,* in order that 
3ach chapter may be more or less complete in itself. 

Definitions. 

The definition of elastic materials has already been given, f 

Malleability is the property which enables a material to be 
beaten, hammered, or rolled out into thin sheets without 
fracture or detrimental qualities. 

Ductility t is the property whereby a material may be rolled 
or drawn out by tension into a sinaller section. It is this 
property that is taken 'advantage of when materials are drawn 
out into wire. ‘ ^ 

Materials <.such ds iron, steel, ^copper, and others, are noted 
for their ductility; the^e materials also possess a certain 
degree of elasticity and plasticity. 

^Plasticity is the property of a ipaterial in which any stress* 
produces a permanent strain; it is the opposite effect to that 
produced in an elastic material. This property of certain 

* “ Nbii-FerKiUS and Organic Materials,” Vol. II. 
t Tables of Malleability and Ductility are given in Appendix ^I. 
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metals enables them to “ flow ” when under th« tufluence of 
certain stresses. The behaviour of lead un(!er stress is am 
example of this property. • 

Commercially, the plastic property is utilized in such pro- 
cesses as “forging,” stamping, welding, squirting of lead pipes, 
making of white-metal bearings^ 

Hardness"** is the power of a material to resist indentation 
by another material. It is usually taken as a measure of 
the resistance to wear, of metals. 

Brittleness denotes the want of ductUity or 7naIIf ability. 

The above properties are not constant for the same material,* 
but vary, relatively, according to the state of the material; 
for example, the hardness of steel will depend upon the treat- 
ment to which it has been subjected. Thus, steel possessed 
various degrees of hardness according to whether it is annealed, 
forged or hammered, hardened, or hardened and tempered. 

The property of ductility, it should be renu'mbered, is not 
possessed by elastic materials. It is only after a material 
has been strc'ssed beyond the elastic limit tliat it exhibits 
ductility. • 

For engineering purj)oses a niaterial vhich ultimately 
shows much ductility, after th(‘ elastic limit is passed, is to 
be preferred, for in the case of many structures the elongating 
of one member may cause a bett(‘r distribution of the loads 
upon the others, and thus relieve the load, to some extent, 
upon itself. 

Behaviour of Metals in Tension. 

• • 

The simplest test to which a material is, subjected in prac- 
tice is the tensile one. In nftiny cases the tensile test result 
is the sole criterion of the suitability of Jbhe material fftr a 
given purpose; moreover, there is ofter^ a relation between 
the tensile properties and^the other properties such as the 
hardness, compressibility, or shearing strength,* so that it is 
often only necessary to make a tensile test in or^lw to deduce 
approximately the other essential strength* profierties. Thus in 
* For methods of testing hardnesses sec p. 144. 
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th9 case v^ftmost mild steels, the “hardness number” is 
related to theHensile strength, the tensile and compressive 
strengths are uslially the same, and the shearing strength is 
a definite fraction (usually about 0*7 to 0*75) of the tensile 
strength. The quantities usually measured in tensile tests 
are: (1) The values of the tensile stress at the elastic, yield, 
and breaking loads; (2) the extension upon a given length; 
and (3) the reduction of area at fracture. 

It is interesting to study the behaviour of a typical metal 
such as mild steel under a gradually increasing tcmsilc stress. 
For this purpose, it is necessary to measure or record the 
corresponding strains, and it is convenient to draw a diagram 
of corresponding stresses and strains.* A specimen of the 
correct proportions*]* is cut from the mass of metal, th(' pro- 
perties of which it is desired to know, and the specimen is 
placed in the gri 2 )s of the testing wachine.'\ The strains pro- 
duced, when the tensile load is applied, are usually measured 
by some form of extenso'meter \ — that is to say, an instrument 
for measuring, usually by means of magnification systems, 
the very small changes produced in length. » • 

In some testing machines an autographic apparatus is 
provided for actually drawing to scale the stress-strain dia- 
gram during a tcst,§ and the curve exhibits the properties of 
the material right up to the breaking-point. Fig. 25 illus- 
trates a typical stress-strain curve for mild steel, for both 
tensile and compressive stresses. 

The strains produced by small stresses are extremely 
small, usually of the order of from about per cent, to 
per cent, for stresses of about 4 j)er cent, of the breaking- 
load value. '* ' 

As the stress i.s increased upon the specimen, the strains 
increase in proportipp, very nearly according to Hooke’s law, 
right up to a certain value of the stress (indicated by A in 

* 3 shows a typical dia<jram for steel, and illustrates the nomen- 

clature en.ployed., i 

\ For shapes and dimensions of tost pieces see p. 74 seg. 

; See p. 186. § As shown in Fig. 82. c 
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Fig. 25. — Stress Strain Diagram for “ 40-Tof ” Steel. 


Fig. 25), above which any further stress incrcAse^ does not 
^ause a proportionate strain increase. The stress value at 
this point is termed the Elastic Limit. The line OA is straight 
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for iron anjI>n^ost kinds of annealed steels, but is curved for cast 
iroh, and hardened high carbon and alloy steels, copper and 
similar metals, t 

British Standard Definitions o! Yield Point and Elastic Limit 

Elastic Limit. — The ela.stic limit is the point at which the 
extensions cease to be proportional to the loads. In a stress- 
strain diagram plotted to a largo scale it is the point where 
the diagram ceases to be a straight line and becomes curved. 

Note . — The elastic limit can only be determined by the 
tskilful use of very delicate instruments and by the measure- 
ment of the extensions for small successive increments of load. 
It is impossible to determine it in ordinary commercial testing. 

< Yield Point. — The yield point is the point where the exten- 
sion of the bar increases without increase of load. 

Practical Definition of Yield Point. — The yield point is the 
load per square inch at which a distinctly visible increase 
occurs in the distance between gauge points on the test piece, 
observed by using dividers; or at which when the load is 
increased at a moderately fast rate there is a dis*tinct drop of 
the testing machine lever, or, in hydraulic machines, of the 
gauge finger. 

Note . — A steel test piece at the yield point shows rapidly 
a large increase of extension amounting to more than 
of the gauge length. The point is strongly marked in a 
stress-strain diagram. ^ 

Beyond the elastic limit, if the stress is gradually increase d, 
the material suddenly draws ojit, or elongates, by an amount 
usually greater than the whole amount of the earlier elastic 
^ extension, ^he value of Jhe stress at this point is termed the 
YieH Point. This^. phenomenon, which is more marked ih 
softer than in hard gjeels, is indicated on the diagram (Fig. 
2^ by the portion BO of the curve*! In tests upon specimens 
of 8 inches length, or above, the yield point can be readily 
deter&inedcby making two centre punch marks at a distance, 
say, of Synches* apart, and setting a pair of sharp dividers tb 
correspond. If a series of arcs be struck, ^as the l5ad is 
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applied, from one point as centre, past the othe%j)oint, the 
sudden elongation is easily discernible from th^ corresponding 
separation of the arcs. ^ 

The subsequent extensions of the specimen can also be 
readily measured with dividers and a suitable rule or 
scale. 

Beyond the yield point, ductile extensions occur, and the 
strains become increasingly greater for the same stress in- 
crements. 

It has been found that the greater part of the ^trains for a 
given stre^ increment, beyond the yield point, occurs almost^ 
as soon as the stress is increased, but that there is a much 
smaller part of the strain which takes a certain amount of 
time to develop, the stress being kept constant. This phenoi 
menon is known as ‘‘ creeping.” 

It will be thus seen that the rate at which the load is applied 
to the specimen influences the amount of the non-elastic 
strain; for this reason the rate of loading is often specified in 
tensile tests. , 

Another significant property, which accompanii's the 
strain beyond the -yield point, consists in a gradual reduction 
of the cross-sectional area, almost in direct proportion to the 
strain, so that the volume of the test-piece tends to remain 
constant. 

An increased stress beyond the yield point, as previously 
mentioned, is accompanied by gradually increasing strains, 
as shown by the portion of the curve CD (Fig. 25), and 
the flow of metal continues, until, after the maximum value 
of the stress is reached, th^ fl8w increases^ this is evident by 
the gradual formation of a waist ” at about ^he centre of * 
the parallel portion of the specimen (Fig. 34). ^ 

Beyond the maximum stress value,* th*e specimen go(ie on 
extending without further* load, and in milny cases the lolid 
may be reduced, while the specimen draws out imtil it breaks; 

« 

Here the value is that calculated upon the original cr-ss!!- action. The 
difference between this “apparent” and the “real” tjtress is referred to 
upon jH 80. 
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this effect ais indicated by the downward inclination of the 

* $ 

cufve at the breaking point D. 

The value of the maximum stress is known as the Tensile 
or Ultimate Strength, the Tenacity ov Breaking Stress. 

Elongation of Specimen. — Ductility. 

The usual indication accepted as evidence of the ductility 
of a material is the percentage elongation at fracture; for 
many purposes it is usual to specify the limits of elongation 
which the i?iaterial must comply with. 

, The percentage elongation depends, for the sam^ material, 
upon the shape and length of the tost specimen. For ex- 
ample, if the extensions be measured upon a round bar of, 
say, 1 inch diameter, and 8 inches length, they will be found 
to be appreciably greater than those measured upon a |-inch 
diameter bar of the same length ; this is due to the fact that 
the greatest part of the elongation of a specimen occurs over 
a short distance (from 3 to 4 diameters), about the centre of 
the specimen. 

The table on p. 73 gives the actual extensions, jn inches, for 
each 1-inch length of the specimen, along the whole gauge 
length. The places of fracture are indicated by means of an 
asterisk, and at these places the local extensions will be seen 
to bo very great, as compared with those of more remote 
sections. 

For this reason, it would be more accurate to always com- 
pare H'sults of tests upon geometrically similar specimens;* 
the English system adopted by the Engineering Standards 
Committee employs a standard length of 8 inches, without 
special reference to the cross-so;!tional area. Comparisons of 
eloipgations can only therefore be directly made between the 
samfi5 shapes and sizes of specimens, or of geometrically similar 
sjTecimens. Othelwise, it is necess^ary to apply a correction to “ 
the elongations, for comparison purposes. 

# 

* One much used on the Continent requires all specimens to be 

similar, according to the relation ?=11*3 Va, where ^=length and a — croSs- 
seotional area in the same units. » 
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TABLE XVL 

Elongations at Different Places alo#.g i ensign 
Specimen. (Unwin.) 


DtsUtncc in Inches from One End of Bar. 


Malenal. 


1 2 3 

4 

5 i 6 1 7 ' 8 

9 

10 

11 

Hi vet iron 0-17 0- 0)5 0-23 
(10-inch bar) ; ' 

0-51* 

0-2()| 0-23; 0-25! 0-23 

i i ' 

0*23 

()-]8 

- 

Axle st('el 0-lb ()-17 0-21 

0*21 

0-lH 0-l7d)-21 0-()b* 

0-4() 

0-17 

0-13 

(12-inchbar) i 

1 

1 

1 i 

! 1 1 




Brass j 0-23 0-20 ! (b2() 

(10 -inch bar) | 

0-30* 

()-21 0-22, 0-24 0-21 

I'll 

1 .. 

0*21 

0-21 

i 

Lead 0- 18*: 0-15 0*30 

(0-inch bar) j j 

()-17 

0-14 0-22^0*1() 0-17 

H)l* 

i 

— 

— 


in tho case of a t(\st piece of mild steel, 8 inches in ])arallel 
length, the extension, at fractures for the central 1-ineh 
])ortion,was 0-50 inch, or oO ]:>er cent., whereas on the end 
1-ineh portions it was 0-23 inch, or 23 pea* e(‘nt. ; the mean 
extension was 34 per cent., reckoned nj)on the 8-inch length. 

Within the elastic limit for materials such as mild steel, 
iron, and rolled metals, the elongation a: over a given length 
I is proportional to the stress p, as shown u])on page 10. 

X 

The extension per unit length ^ ^ E • p, where E is the 
elastic modulus. * ' 

If E and p are both in j^oui^ds or tons per square inch, x 
and I must be in the same units (usually innnehes). 

Many materials, such as casT iron,, copper, hardened alloy- 
steels, and cements, are not perfectly elastic, and thereftire 
do not obey Hooke’s law; the extension.^. in^rnost cases, even 
for small stresses, are not proportional to the stresses. In 

B 

such cases tho extension per unit length A is given by — 

A - c • P'S 

Specimen broke at this place. 
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where c^is^a constant, having a value of the same order as 
E, and n is a^. constant, which is greater than 1 for cast iron, 
copper, zinc, iifid cement, and less than 1 for leather, fabric, 
etc. 

Unwin* has shown, as a result of a large number of tests, 
that percentage elongation e lOOA can be ex})ressed in terms > 
of the gauge length I iiK'hes, by means of the formula- — 

e - lOOX - + 

wli('re c aSid h are (constants for different materials, and A is 
r th(' original cross-sectional area in square inches. 

'bhe following valu(\s of the constants c and h art^ given by 
Unwin : 

' TABLE XVll. 

Values of Constants in Unwin’s Elonoatjon 
Form uia. 


Male) ml. 


r. ’ h. 

Mild stoolf 


70-0 * 

lS-0 

Two stool t 


27-2 

13-J 

Axl(i Htoolf 


:io-2 

20-() 

(iiin-Tnotal (oast) 


s-:i 

J0-() 

lirass (rolled) . . 


10l-(> 

()-7 

Cop|)or (rolU'd) 


H4-0 

0-8 

Cojipor (rolled -- annoab'd) . 


12.7-0 

3.7-0 

t 

Forms of British Standard Tensile ’Test Pieces. 



Test Piece A (Fig. 26). — The widths of tlie test ])ieces for 
plates were selected to com])ly Vitlf the two following conditions : 
(1) As the^reat bulk of platei to be tested are from | inch to 
J ^ch thick, it was desirable for the sake of eonvenitmee that 
thtf test j)ieees for such plates should be of uniform width, and, 
hi accordance with* very general ^mictice, a width of 2 inches 
was selected. (2) With a test piece of a given form, the 
per(l>Laitag^^ of elongation was found to be less for tliick plates 
© . * 

* “ Tho Tostin^ ol Materials,” p 100, by W. C. Unwin, 
f Moan values. 
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than for thin ones; with steel of the same quality other 
respects it was desirable thertdon* to choose widths of test ^ 
piece which would be slightly in favour of the thicker plates. 
This is secured with the widths selected for the standard test 
piece of form A. 

Test Piece B (Fig. 27).— All test pieces of forms are strictly 
similar, and for the same material give the same percentage 


^ c 



Fig. 20. 

of elongi^tion. Th(‘y are nearly similar to a t(\st ])iece of 
fonn A, 8 inches in gauge length, 2 inches wid(‘, juid •] incli thick. 

Test Pieces C, D, E (Figs. 28, 29 and 30).— Tliese wera ar- 
ranged to meet the very common practice of making test piec(‘s 
for forgings, axles, tyres, ede , of either J square inch or I sfjuare 



■ cAua awTH MT uu THAI 8 nuu t« ou»<?ni ^ 

^win UUKU uris rAuuu rii a uicta ut uu thaji 9 nmi m suveu oiAMmi'^ 

%• *) 


Fig. 27. 

V 

inch in sectional area. With the gauge lengths decided uj)ton 
these three forms arc very m^arly similar,^ and, for a givTn 
material, give very approxihiately the same percentage ot 
elongation. Though not exactly, they are apjSroximately 
similar to the standard test piece F, and for the sain^ matiH'ial 
givt? a nearly identical, but slightly grea&T, percentage of 
elongation. 
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Test Pj^ce F (for test pieces over 1 inch diameter) (Fig. 31).— 
In some testing machines it was found inconvenient to use form 
B for bars of Qiver 1 inch in diameter, and form F of half the 
gauge length is designed to meet such cases. For a given 
material the percentage of elongation with test piece F is 
greater than with test piece B, and this difterence is provided 
for in the British Standard Specifications. 

Fig. 28. 


Fig. 29. 


Fig. 30. 


Fig. 31. 


Form of Ends.— In the case of the round test pieces B, 

D, E, and F, the form of the ends is to be as recpiired in order 
to suit the various methods emj^oyed for gripping the test 
piece. When enlarged ends are used, the length of the 
parallel jiortion of the test juece^must in no ease be less than 
that noted on the diagrams. 

Forms of International Aircraft Standard Tensile Test Pieces. 
® — Specificatioips. 

Physical Properties and Testsr~(fl!) Physical tests shall be 
carried out on testing machines of standard make, which are 
to t)e kept in good working condition. The manufacturer 
must satisfy the inspector that the testing machines ard at 
all times properly calibrated. 
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Tensile. Test. — [h) To determine whether a sp^oi^picn has 
a yield point equal to or greater than that spe«ified the pr6-^ 
cedurc shall be as follows: A line shall be described on the 
tost piece with a punch mark as centre, and with a radius of 
about 2 inches (50-8 millimetres) when possible; the specified 
load shall then be applied, reunoved, and a second line scribed 
with the same radius and the same centre; if two lines are then 
seen on the test 2 )iece, indicating that permanent elongation 
has occurred, it shall be considered that the specimen has not 
jiasscd the yield-i^oint test. If the manufacturer desires, the 
yield j^oint may be determined by an approved autograjdiic 
or extensometer method. 

(e) The elastic or the j)roportional limit, when called for, 
shall bo determined with an extensometer reading to at least ^ 
0-002 inch (0'05 millimetre). It shall be attached to the 
specimen at the gauge marks and not to the shoulders of the 
sj)ecimen nor to any part of the testing machine. The elastic 
limit is defined as the greatest load i)er unit of original cross- 
scction w hich does not i)roduce a permanent set. The jn’o- 
portionkl limit is the load per unit of original cross-section at 
which the deformation ceas^vs to be proj^ortional to the load. 

Test Specimens. — (i) Tension, bend, and impact test sj)cci- 
mens shall be taken from the rolled or forged material, exce}:)t 
that in the case of irregularly sha 2 )ed forgings they may be 
taken from a full-sized prolongation. Specimens shall not 
be annealed or otluu-wise^reated, except as provided in the 
individual sjieeilications. ^ 

{)) Tension, bend, and imjmet test specimens for rolled 
material which is to be annealed or otherwise treated before 
use shall be cut from properl5 annealed or similHrly treated 
short lengths of the full section of the piece, and for forged 
material from the treated forgings. * »» 

(/^) The axis of tension, * bend, and impai^t test specimens 
for rolled bars and forgings of uniform cross* section over 
I J inches (38-10 millimetres) in thickness or diameter and for 
forgings of irregular section, when practicable, shall bb located 
at a jDdint midway between the centre and surface when solid 
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and at ^eiy point between the inner and outer surfaces of the 
wall when bored, and shall be parallel to the axis of the piece 
in the direction in which the metal is drawn. 

(1) Tension test for specimens for bars shall conform to 
the dimensions shown in Fig. 32. The ends shall be of a form 
to fit the holders of the testing machine in such a way that the 



Fi(3. 32. 


load shall be axial; test specimens r(‘])r(‘8enting heat-treated 
or brittle materials shall have threaded (mds or ends so made 
as to permit of testing mab'rial, u.sing a ball-and-socket chuck. 

(m) Tension and bend test sp(*cim(‘ns for plates, sheets, 
and shapes shall be of th(‘ fidl thickness of material as rolled. 



t ^ Thickness hfStocH k-7*4r^->| 

Fiu. 33. 

T&nsilc-test specmiens for sheets or plates shall be machined 
to the form anti flimensions slfbwn in Fig. 33. Bend-test 
specimens for sheets shall have a width of 1-5 inches (38-10 
rnilKmetres) and a minimum length of 8 inches (203-2 milli- 
metres)^ Test specimens shall not be hammered in order* to 
straighten them, nor may they be tempered, anneliled, or 
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otherwise treated unless speeifieally noted. J^i^aet-test 
specimens are to be rectangular in section and shall be notched ^ 
on one side. They are to have the form showik in the sketch, 
Fig. 60. 

Selection of Test Specimens. — A suftlci('nt number of test 
specimens will be selected by the ins])ector from each lot of 
material submitted to .satisfy him of the quality of the material. 
If any test specimen shows defective machining or develops 
flaws, it may be di.scardcd; in which case the manufacturer 
and tlu; ])urcha.ser or his representative' shall agre(',upon the 
selection of another specimen in its stead. 

Marking and Identification.— (u) It shall be the duty of the 
manufacturer to provide that manufacturing identification 
marks, such as heat numlx'rs, shall be readily available at 
the time of ins])ection of the hnislu'd material to tlu' inspector, 
and furtlu'r that matc'rials shall be groupe'd when possible by 
heat or melt numbc'rs. 

Test specinums in accordance' with the sketch Fig. Tl, .shall 
apply to sheet J- inch (n-OH millimetres) (No. 6 ll^S. standard 
gauge) a4id up, in thickness. Jh'lou J inch (b-OH millimetres) 
in thickiu'ss w and d .shall be t inch (12*70 millimetres), 
h I inch (12*70 millinu'trcs), and urn 1 inch (25*40 millimetre's). 
The percentage' of elongation may be de'te'rmincel on e'itlu'r 
2 e)r 4 ine'hes (bO-.SO millinu'tre's or 101*60 millimetres). 

Soft matc'rials of light gauge are apt to fail in detail unele'r 
the ])in. Specimens repretsenting these materials may be 
gripped in the jaws of the testing machine'^ Drilling is omitted. 

The s])ecimens may be re'duced in width by not me)re than 
0*003 inch (0*08 millimetre) dver^lu' centre half of the gauge 
length in order that fracture nmy oc(;ur there. 

Reduction of Area. 

* The shapes of a test piece* after a tensile test, to fracture, 
for the case of mild steel, is shown in Fig. 34; thd formation 
of a waist ” is marked in the ea.se of ductile piatenVls, 
sucji as iron, mild steel, and copper. ’ The perc^entage 
area comtraction is the same as the percentage elongation, 
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within limits of elasticity, when the latter is esti- 
, mated upon ^ the final length; this must be the case if the 
volume of the gauged portion is constant throughout. The 
tensile strength of a material is, for most practical purposes, 
reckoned upon the original cross-sectional area and the auto- 
graphic curves of stress-strain show that near the breaking - 
point this “ apparent stress ” nearly always decreases. 

The “ true stress ” — that is to say, the stress as reckoned 
upon the actual area of the smallest section — actually in- 
creases, however, since the area decreases, and the value of 
this real stress may bo anything up to 30 or 40 per cent 




wnij^ ' 


Fia. 34.— Shai’is of Milp Steel Tknsii.e Test Speitmen 
AT Fhactukk. 

higher. Thus in the case of the mild steel specimen men- 
tioned in, the preceding paragraph, the area *at fracture was 
55 per cent, of the original. The true stress at fracture was 

therefore or L82 of the apparent stress. 

The curves shown in Fig. 35 illustrate the difference bcTweim 
the real and apparent stresses, for both tension and compres- 
sion in the case of a ductile mateual like steel. The material 
at the fractured envis usually presents the appearance of a 
conical portion, roughly of 45*^ ^slope on the one side, and a 
corresponding conical recess upon the other side. 

Materials such as wrought iron and mild steel, which 
pbsscss both ph^sticity and relatively high tensile strength, 
sfiow the greatest area reduction, whereas hard or brittle 

materials like cast iron or hard ’steel show only a small area 

( 

reduction. 

In general, the higher the tensile strength, the smaller the 
area reduction; there are, of course, exceptions to this mle, 
but it will be found to hold good in most^ cases, "fhe same 
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Fig. 35. — Real and Apparent Stress Curves. 


remarks apply in the case ^of the elongation as shown in tne 
following table : 
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( 

TABLE XVIII. 

PROPEKTTES OF DIFFERENT FeRROU.S MeTALS. 



T(ms })(/ Square Inch 

Percent - 

Peiceni- 

MdUr i(U. 

Elastic 

Y i eld 

Tensile 

age 

Elo liga- 

age Re,- 
dnction 


Limit. 

Point 

St/enqth 

tion. 

of Area. 

Wrought iron 

14*00 

17 

25*0 

30*0 

55*0 

Mild steel, 0-2 C . 

14*00 

JO 

30*0 

28*0 

48*0 

Mild steel, O*'.!;") C . . 

1 0*00 

18 

35*0 

25*0 

45*0 

Case-hardemng mild .sti'cl 

28*50 

- 

34*1 

44*0 

02*2 

(annealed) 

Case-hardening mild steel 

34*80 


40*4 

3*2* 

8*1 

(hardcmc'd) 

Nickel steel per cent Ni 

29*07 


44*3 

31*5 

53*8 

(anneah'd) 

Nickel steel 3 jn'r cent Ni 

80*18 


83*5 

10*0 

43*4 

(oil tmnpered) 
Nickel-chrome steel (an- 

43*50 


55*0 

22*0 

04*0 

neal(’d) 

Nickel - chrome steid (air 

80*00 


113*0 

13*0 

33*0 

hardened) 

Nickel case-hard(‘ning .steel 

20*00 


33*0 

; 35*0 

! 05*0 

(normalized) 

Nickel case-hardening steid 

00*00 


09*0 

18*0 

01*0 

(case-hardened) 




• 

01*2 

ChroiiK'- vanadium steel (as 

40*40 


57* 1 

25*0 

rolhal) 

Chrome - vanadium steel 

I0<)*20 

_ 

120*4 

8*0 

1 9*9 

(heat treated) 

Spring stei'l (teiii pered) . . 

85- 95 


95 305 

1 8-12 

25-30 

Steel castings (automoluh*) 

20*50 

- 

j 0*30 

j 22-25 

35 -40 


Behaviour of Metals in Tension ^nd Compression. 

The tensile properties of iron, earbon, and alloy steels are 
shown in Fig. 36 , the curves^ representing ty])ieal test results 
for th(; materials shown. It will be observed that the elastic 

r I 

portions of the curves are nearly the same for all of the metals, 

although the seaje is too small to show any small differences; 

the elastic modulVfor these materials are therefore approxi- 

‘ o 

mately the^same. 

l^n the ease of cast iron, high carbon and alloy stcelsj the 

* On^5-inch length.' 

f The effects are most enhanced in the hardened and tempered steels, 
n\9rc especially in the high-tcnsile steels as shown in Tabic XVUlf. 



Stress ft) Tbtfs per SciJnch 


PROPERTIES OE MATERIALS UNDER TEST 83 ^ 



Fig. 36.— Tensile Stress-Strain Curves. • 

I, Nickel-cljrome steel, air- hardened; 2, tool stool, unannealod; 3, nickel 
chrorr^ steel, unannealed; 4, crucible steel, untreated; 5, miKt steel; 
6, wrought iron. 


84 


AIRCRAFT AND AUTOMOBILE MATERIALS 
' TABLE XIX. 

Propektie.^ of Non- Ferrous Allovs anu Metals* 


M aiej lal. 


Aluiiiiiiiuin (oaHt) 
Aluminium (rolled, alon^ 
grain) »• 

Aluminium (rolU'd, aeross 
grain) 

Aluminium bronze (10 jier 
eent ) 

(Copper (caHt) 

Copper (rolli'd) . . 

Cojiper (drawn wiie) 

Delta iiK'tal No. 1 (east) 
Delta metal No. 1 (ex- 
truded) 

Delta metal No. 4 (cast) 
Delta metal No. 4 (ex- 
truded) 

Duralumin sheet (normal) 
Duralumin shoot (hard) . . 
Duralumin rod (normal . . 
Duralumin rod (hard) . . 
Duralumin wire (normal) 
Duralumin wire (liaid) . . 
(}iin-motal (cast) (cojiper, 
87 ; tin, 10 ; zinc, 3) 
Cun-metal bars .. 

Naval brass (aero) 
Pliosplior bronze (rolled) 
(copper, 03; tin, 0*5 ; 
zinc, O'o) 

Manganese bronze (luist) 
(copper, 58; zinc, 38; 
aluminium, etc., 4) 
Muntz metal 
Yellow brass 
Cast brass < 


Tons 


KlanUc 

Limit. 


■^2 

0 


1()*5 
20-0 
1 0*5 
21-0 
I (>-5 
22-5 
7-8 


rr iSquar 


Yield 

Point. 


14-15 

12- 13-5 
20-30 

<r 

13- 14 


Inch. 


Tensile 

Stiength. 


5-5 V 

01-7^ 

OUH 

38^ 

7-0 

171 

24-28 

41-3 

40*8 

23-9 

37*1 

27- 5 
31-0 
2()*0 
32*0 
2()-0 
35-0 
13*15 

28- 30 
24 27 
30 35 


30-35 


23-2G 

24 

10-13 


Elomjd- 
tion per 
Cent, on 
2 Inches 


2-3 

25*0 

10-13 

2()*3 

10-15 

10*0 

0*8-2*0t 

20*0 

20*0 

21*0 

27*0 

15*0 

11*0 

18*0 

8*0 " 
10*0 
8*0 
10*0 

10*0 

30*0 

5*0 


15*0 


35*0 

41*0 

24*0 


Reduc- 
tion in 
Area, 
per Cent. 


28*0 


49*0 

20*4 

24*9 

20*1 

20*0 


20*0 

20*0 


59*6 

61*0 

16*4 


3 iold and elastic points are usually very indefinite, and the 
curve at these values is very smooth as compared with that 
of mild steel, so that it is difficult to detect the points of 
el’^stic and 3deld stresses. 

* Por much fulldr particulars see Vol. II , “Non ferrous and Organic 
Materials.’’ 

p f On 8- inch lengths. 



PROPERTIES OF MATERIALS UJN DLR TLSi so 

♦ i 



O 0*5 , 1*0 

P<zrcentctge S^ion^ahon 

Pin. ^T. - Stress-Strmn (Htuve for Hardened Nk'kee-Ciikome Steel 
(Air-Hardened at SO(f (\ limit. (Uirvo B shows the 

strains magnitied ten times. ^ 

• • * 

For very hard steels, such as aip-hardoned niekel-chrome 

(of tensile strength 100 to 120 tons per square inch), thei^e is 
• no true elastic limit, ora vqfy low value, 4isu^?.lly below 25 tons 
per square inch. , 

Typical curves for a nickel-chrome steel, which has-been 
air-hardened after heating to 800° (-., ijj shown ’in ^ Fig. 37. 
The c<^mposition of this steel is given in th<‘ table on p. 86. 
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^ TABLE XX. 

Composition of Nickel-Chrome Steel — Am Hardening 
^ (Percentages.) 


Carbon. 


SUiconA Sulphur. 


Phosphorus. 

0-0.S2 


Marufanesc. Nickel. Chroimnm.\ Iron. 


0-33 


0-.34 0-041 


0-47 I 3-n4 1-84 93 407 


Ductile Materials in Compression. 


Compression tests are usually made u])on speeimens in 
^ which the lengtli is about the sanu' as th(‘ minimum width, 
otherwise failure by buckling occurs. 



Fia. 37a. — Compression Stress-Strain Curves for Different Metvls. 


1 

Ducti^p lii^vterials^tcsted in this manner tend to flow out- 
wards under compressive load, and as the load increa.ses the 


’Tons per 
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area of sp(*ciinen also increases due to this lateral ‘flow, and 
a state of affairs is soon ai^proximated to in Mhic‘^*the ratio 


load 

area 


— that is, the compressive 


strain — btcoyvs nearly con- 


stant. The more ductile, or plastic, the material tlu' more 
nearly constant does the stress become. 

Thus for a ])]asti(; ]nat('rial, like lead, the stn'ss is praetically 
constant, in comprc^ssion. Experiments mad(‘ by Hick upon 
lead cylinders 21, inches long by 2 inclu's diam(‘tc'r, with loads 
varying u]) to 51 tons, show(‘d a. ])rogr(‘ssi\ reduction in 
length down to T12S inclu's, and increase in diametc'r at the 
centre of .‘Mb inclu's Tlu' stn'ss after tiu' first ton or so 
r('niaincd a]iproximat(^ly (‘onstant at 0-72 ton p(‘r s()uare 
inch. 

Unwin has shown that tlu' eon^pr(\ssiv(‘ str(\sses in ])lastic 
materials ( an hv a])])roximately repr(‘S(‘nted by th(‘ formula- 


p -- P(l - A)/»i, 


where })/X the Tnodulus of elasticity, P th(‘ total load, and 
w the cross-s('ctional area. /) is known as tlu‘ plastic stress 
A is the com]jression per unit haigth. 

Fig. 27 a shows tlu' str(‘ss-strain curv(‘s for li'ad, co|)])(T, 
mild stcc‘l. cast-iron, and gun-nudal 


Cast Iron, 

Cast iron is another mat(Tial which has no real yi(‘ld ])oitit, 
or elastic limit, as tlu* continuously curved stress-strain 
diagram shown in Fig 38 indicatc's. • 

(Vist iron, being a brittle nu^terial, breaks with littl(‘ exten- 
sion, and at a low' tensile strength, usuallyi from 8 to 12 tons 
])er scpiare inch. * . * 

Owing to its yery low elastic limit, or J;o its absenea' «)f a 
true elastic limit, cast iron takes a definjte set for very squall 
stress values, as indicated 1)y the dotted lines in Fig. 38. 

The relation lietween the stress and strain iii both tension 
and compression for cast ium is given by Hodgkinson as 
follows — namely : 
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^ For tension /t =6220e -1,208, 000e2 
" For compression f^ -=r^l73c -233,500c2, 

'’where /t /c ^i-re in tons per square inch, and e and c are 
the relative extensions and compressions per unit length. 

Unwin gives the following more exact relations between 
the same quantities: 

e - 1-503/^3 X 10-<5 + 1-685/t x 13 4, 
c -9-()G // X 10-s + 1-782/, X 10-4 

It has been found that the strength of cast-iron bars varies 
with their, size, the smaller diameter bars being the stronger; 
^ the difference between bars varying from 1 to 3 square inches 
is about 25 per cent. 

Fig. 38 shows the stress-strain curve for both tension and 
^ compression for this material; the dottc'd line shows the 
permanent set when the load is removed. Only a portion of 
the compression curve is shown, as the ultimate strength of 
cast iron in compression is from 40 to 60 tons per square 
inch — that is to say, from 4 to 6 times the tensile strength. 

In the initial stages of stress the value of Young’s modulus 
(E) is from 6400 to 7500 tons per square incli, according to 
Unwin.* If the average value of E be taken for, say, the 
whole range of tensile stretch, it will be mueh smaller, prob- 
ably about *4000 tons per square inch, owing to the smaller 
slope of the stress-strain slope at the higher stress values. 

The shear strength of cast iron varies from 6 to 13 tons 
per square inch, depending upon dts grade or quality; the 
white irons have the higher values. 

Fig. 39 shows some typical stress-strain curves for a few 
non-ferrous metals. These ' are included for comparison 
purposes. ' < 

In most cases there is no very definite elastic portion of 
the curve, although there is usually a fairly well-defined yield 
point. 

The abov€f curves should be taken as being typical onesf 

i 

* “The Toating of Materials of Construction,” Unwin. 

f Fuller particulars of the strength properties of non-ferrous metals and 
alloys are given in Vol. II. 
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only, for ^the properties of these metals vary considerably 
with them composition, treatment, and method of manufac- 
ture. The rather indefinite and low clastic limits in the 

♦ 



Fig. 3:). 

A, Aluminium bronze; B, hard brass; O, annealed brass, />, rolled 
annealed copper; B, rolled aluminium. 

O II’ 

case of aluminium and copper are reflated to the ])lasti(^ pro- 
perties of these metals, for they flow almost continuously 
from the commencement of i^hectensile test. 

^ t 

Utilization of TensUe-ltest Results.— The Quality Factor. 

V 

cThe tensile-te^ results readily obtained include the ultimate 
stress, the elongatfdn, and reduct;ion of area. V arious methods 
have been I suggested for combining these factors, in such a 
m^iner that the result, or “ quality factor,” expresses both 
the sUengtli and the ductility of the material, or the ductility 
alone. 
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Tetmajer proposed the formula — 

Quality factor = tensile strength x percentage elonga-. 


tion fA) 

whereas Wohler suggested the formula — 

Tensih' strength 4 - percentage contraction of area . . (B) 

The formula which is often used in England is - 

Quality factor - tensile strength 4 ])ercentag(‘ elongation 
on givaui huigth (C) 

For a good quality of steel forging its value is |rom 55 to 


GO, and for high-grade mild steel 50 to 57: for locomotive 
axle steel it varies from 08 to 70. The (piality facdor is often 
s]X‘cificd in connexion vith matiuial contracts. 

For examiile, the ductility of gun-metal bars, for aircraft 
purposes, is sometimes specified by a (piality factor=percen- 
tage elongation on 2 inch(\s -t- ])('rcentage reduction of area, 
Avhieh must exceed 20 jier cent : for nuHlium duralumin bar 
this factor must (‘xeiaai .‘10 per cent. Ft should be not('d, in 
connexion with this type of siiecification, that tin' quality 
factor often depends upon the size of the plat(' or bar from 
which th(' specimen is taken. Thus for mild sti'el (0\3 carbon) 
plates of ], and J inch thickness, resjx'ctively, the quality 
factors (C-) art; 01, 57, and 55 respc'ctively. 

Time Influence in Tensile Tests. 

If the tensile load be apylied slowly to a steel or iron speci- 
men, the final elongation •for the same stress value will be 
much greater than if the load is applie*d quickly; this effect 
is due to the greater flow oftmc^al which the longer period of 
the former test permits. Thy ultimate stress i:^ however, 
about the same in each case. • 

If, however, the load be applied in a seiles of steps, with 
long time intervals between there will a* new and higher 
yield point, a higher breaking load, and a smaller extension. 

In a test of this kind upon two similar mild steel sj)eciniens, 
one of which was successively loaded at the rate of of the 
ultimate load at intervals of 3 minutes, whilst the other was 
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t 

loaded the same amounts once every 1200 minutes, the 
former broke at 00 per cent, of the stress value of the latter, 
but its extension was 25 per cent., whereas that of the latter 
was only 8 per cent. 

Again, if a steel or iron specimen be stressed to just beyond 
the elastic limit, and the load be then removed, there will, 
of course, be a permanent elongation when the load is taken 



Elongohon per c^nt. 

X Fia. 40. 


ri^ht off; but if now Jthe load be 'applied again, without any 
appreciable tinfe interval, it v411 be found that there is a 
new yield ^oint at about the stress value reached by the 
previous Joad just before it was taken off, as shown by the 
curve*^ \)Cj in Fig.* 40. ff, however, there is an appreciable 

* Vide “The Strength of Mn-teriaLs,” p. 34, J. A. Ewin^. 
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time interval, say of several hours, between the t^^^loadings, 
a still higher yield point d will be reached. 

The elTeot of re])eated stressing beyond tliQ^ original st(‘ady 
loading elastic limit is also to raise the idtimate strength and 
to reduce the final elongation; these efleets a])pear to be 
connected with a process of hardening of the metal. 

The mati^rial, after such overstraining, loses much of its 
original elasticity, and even small strc'sses ap])ear to cause 
permanent set after the load is removed, although it is true 
that there is a partial return to its elastic eimditipn after an 
interval of a day or two. There is no true elastic limit im- 
mediately after overstraining, but if a long jeeriod of rest 
is allow'ed, the elastic limit becomes more definite and at a 
higher value. 

Hysteresis. 

• Overstrained steel or iron alsej exhibits th(^ property of 
hysteresis, when the load is ap])lied gradually to a certain 
value and taken off at about the sanu' rate. This elTect is 
due to the im})erfeet elasticity, and the longer the period of 
tiiiie allowed, the less the hysteresis. 

The stress-strain curves for an overstrained mateiial take 
the form of a closed loop, as .shown in Kig. 41. 

The area of the loop represents the work done on the 
material, in altering its internal condition; it might be termed 
the energy wasted interif|^lly, in virtue' of its imperfect elas- 
ticity. 

The ctfect of very slow loading, and unloading, is in- 
dicated by the dotted lines in Fig. 41. 

Effect of Temperature on Recovery of Elasticity,* 

When an overstrained jjiece of steel iron is heated tor a 
few minutes in boiling water, it will be found to have re- 
covered its elasticity completely, whilst it will have a higher 
yield point than the overstrained load value. A. -bar of mild 


• ♦ Vide, paper by J. Muir in Phil. Trans. Roy. Soc., 1899. 



94 AIRCRAFT AND AUTOMOBILE MATERIALS 

steel whicjp stressed to just beyond the yield point, and then 
Ijeated to 100'’ C. for a few minutes, then stressed again to 
the new yield pjint, and reheated to 100° C., and so on, 
will break at a higher load value than in the ordinary way, 



Fia. 41 . 

and the fracture will be found to resemble that of a hard 
steel, such as cast steel. Moreover, the extension and area 
contraction are very much smaller than in the ordinary test. 

Annealing.* 

When an overstrained piece of steel or iron is lieated to 
redness — that is to say, to irom 850° to 050° C. — and is 
allowed to cool fairly slowly, V)y immersing it in a bed of 
ash\)s, sand, or other non-conducting material, it will be 
fouhd to have recovered its original state of elasticity, its 
original yield point, and tensile stJength. 

This process (which is more fully dealt with in a later 
chapter) isr employed commercially for removing manufac- 
turing and IpcaJ hardening strains, such as those remaining 


See also p 491 seq. 
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in bent sheet metal work and cold stamping, iy removing 
local punching and shearing hardnesses, and in softening hard^ 
drawn wire, etc. 

Local Hardening Effect of Shearing and Punching. 

When a bar or piece of steel plate is pun(‘hed or sheared, 
the metal around the punched hole or about the sheared edge 
is badly deformed, and in consc^quenee is considerably harder 
than that of the rest ol th(‘ bar or plate. 

This local hardening has a markial detrimental (jlTect upon 
th(^ t(‘nsil(‘ strength and t^longation, for if a fiat sti’ip of steel 
having a pum-lied hok^ be t(‘sted in tension, it will be found 
to break at a lower stress value than that for a plain drilled 
plat(‘ of the saiiK' material. Although experiments upon 
punched plates are not altogetluT concordant, yet they 
generally agn^e in showing a loss of tensile strength of from 
5 to 20 p(*r cent, in iron, and of from 8 to 35 per cent, in steel 
plates. The greater the thickness of the plate, the less the 
tensil(‘ strength loss from this cause. 

The reason for the above effect is that the hardened metal 
around the hole rec<aves a greater stress intensity, owing to 
the fact that it is unable to stretch so much as the rest. 

The effect of a sheanal edg(' in the case of a metal plate is 
similar in causing premature fracture at a lower breaking load. 

The effects of loc'al hardening around punched holes may 
be obviated by annealing, or by reanuning the hole, after 
punching; in the case of a sheared edgf the hard metal may 
be removed by planing, or softened by annealing. 

The commercial method*of making square or other shaped 
holes by cold drifting round ^loles results in a similar local 
hardening around the holes. 

Effect of Drilled Holes in Ylates. 

The tensile strength* of a steel or iron plrfte having a 
single hole, or a row of holes perj)endicular to the liiie of 

t > 

* Tho term “tensile strength” in all cases denotes the ultimate tensile 
stress. 
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pull, has found to be from 8 to 12 per cent, greater than 
that of the iindrilled plate material; the fracture occurs 
across the hole,s. It is believed that the prevention, by 
reason of tlie form of the metal near the holes, of local con- 
traction causes a higluT tensile strength.* 


Effect of Shape of Test Piece. 

]^\)r exactly the same reason as in the preceding case, the 
tensile strength of specimens sha])ed as shown in Fig. 42 will 
be greater than that of ])arall(‘l specimens. It may be here 
mentioned that in <luctile materials such as wrought iron or 



mild steel the length of tlu‘ part whicli is atfected by local 
contraction is from 6 to 8 tinu's the gn^atest transverse 
width, so that for accurate tests the specimen should have 
a parallel length of at least 8 times its greatest transverse 
dimension. 

The effect of a flaw, nick, or crack, in a specimen is to cause 
a local stress distribution which is not uniform around the 
def'^ctive part; such a specimen will yield more by tearing, 
and the fractured surfaces will present a crystalline appear- 
ance, as distinct from the usual ‘flbrous form of fracture of 
ductile materials. The same remarks apply for other types 
of stress, such as those caused by impact, repetition of loads, 
and bending. 

♦ Also see Figs. 123 and 126, pp. 243 and 247. 
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Effect of Temperature upon the Strength of Metals. 

Parts of machines such as boilers, interntil combustion 
engine cylinders, valves, etc., arc exposed to considerably 
higher temperatures than atmospheric, and this fact should 
be taken into account in design work. At ordinary atmo- 
spheric temperatures there is no appreciable change in the 
tensile strcmgth of mild steel or wrought iron. The tensile 
strength increases continuously from 0'^ C. to - 200'^ C., being 
about 80 per cent, greater at the latter temperatures It also 
increases from 0"’ C. to about 200^ C. by about 30 p(‘r cent., and 
then falls off continuously from 200'^ C. up to the melting-point. 
The loss in tensile strength between 200” C. and 500” 0. is 
from 40 to 50 per cent, of the normal atmospheric value. 

The elastic limit falls continuously from atmospheric 
temperature right up to the highest temperatures at which 
there is any tensile strength; from 0” to 500” 0. the elastic 
limit falls by from 45 to 55 per cent. 

The elongation diminishes from 0” 0. to about 180” C., 
and then incre^vses continuously for higher temperatures. 

Iron oi steel containing an appreciable amount of phos- 
phorus becomes brittle at low tem])eratures; this effect is 
known as “ cold-shortness.” The opposite effect — namely, a 
loss of strength at high temperatures — is known as red- 
shortness,” and may be due to the presence of too much 
sulphur. 

At a “ blue heat ” it is inadvisable tew work steel or iron, 
as the material becomes brittle when cold. Prolonged ex- 
posure of wrought iron to temperatures as loy^ as 60” 0. will 
cause a slight falling off in its strength, and a variafion in its 
magnetic qualities. ^ ^ » 

Very low temperatures, such as those of liquid gases, ha’/e 
the effect of making the met^ brittle, and of diminishing the 
elongation; the tensile strength increases with progressive 
decrease of temperature in the case of mild steel, and iron. 
Fig. 43 illustrates the manner in which the tensile strength 
of iron vkries with the temperature. 


I. 
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High|ea,f’bon and most alloy steels* are affected by tem- 
perature increase, when these steels have been heat-treated 
in any way. fit is well known that the degree of terajjering 
of cast steel, for example, is solely governed by the tempera- 
ture; any increase of temperature in the case of hardened cast 
steel above about 100° C. results in a diminution of tensile 
strength, but in an increased elongation. 



Fig. 43.— Effect of Temferaturb upon Ten.sile Strength of Wrought 
Iron. 


Copper and its alloys are grcaJtly affected by temperature 
changes, and the .detrimental effect of high temperatures 
should be taken into account when this metal or its alloys 
is employed in, steam and internal combustion engine work. 

Table ‘XXI.f shows the strengths of several metals of this 
class at different temperatures. 

‘ Unwin gives the following approximate formula for the 
given metals: “ ' ^ _ 60 ; 2 , 

where / is the tensile strength at any temperature f F. 

♦ Sac Figs. 168, 1C9, and 170. 

I “ The Testing of Materials of Construction,” W. C. Unwin. Longmans, 
Green and Co. 
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The values of the constants a and h are given in Tt, Ac XXII. 
The effect of temperature increase upon the propcTties of • 
cast iron* is to slightly increase its tensile aifd compressive 
strengtli from (T^ F. to 900'^ F., after which these strengths 

TAJU.E xxr. 

Stuenoth of (‘ol'I’er and its Alloys at Different 
TEMPERAT irRES. 


Ti n.'n/c SfntK/lh {'I'ons per StfUim’ J ik It). 



00" F. 

200’ 1C 

300" F. 

400" K 

000" 1 

Copp(*r 

14-S 

14*5 

14*0 

13*2 

1()*() 

Hulk'd brass 

24*1 

23*5 

22*5 

20*9 

15*7 

Hulled D('lta nu'tal 

:h*:i 

30*5 

2S*9 

2(i*() 

19*4 

(Jast yiin-nu'tal 

121 

1 1*7 

10*9 

9*7 

0-0 

Cast brass . . . . 

12*5 

12*0 

11*1 

9*7 

5*5 

Phos])hor bronze . . , 

i0*l 

1 15*0 

14*0 

13*1 

S*0 


TABLE XXI 1 


lal. 


Co))|)or 

Hulled yellow brass 
Hulled Delta metal 
Hulled iMunty. metal 
Cast }4iin-inetal 
Oast brass , . 

Oast phusphur bi’oti/-e 


Valnv.H of Cotosldtils. 

a. I b. 

14-S I 

24*1 ()'()(H)02S 

; o-obooti 

14*7 ! o*(K)ee2!) 

I2*r) I ()*()(KI021 

12*.') ! 0*00(1024 

10*1 I 0*000020 


diminish fairly tpiicldv . M 1500'' F. the strengths are only 
about 20 per cent, of the normal values, f. 

When zinc is heated to between 400" C. and 000" 0., 
it becomes very brittle, anti often crumples up into small 
pieces when any attempt is ma^le to work it. • 

* The phoiiomenun known as the “growth” of eas^ iron oecuis at ttTli- 
peratures of 050'’ C. and above, and consists of a permanent expan8ion*or 
elongation; and is believed to be cl^ie to internal oJlidization caused by the 
penetration of oxidizing gases. Permanent “distortion” i^ccurs at tem- 
peratures below 050" C. Automobile cylinders and super-heated steam 
cast-iron fittings experience “growth.” 

t For further information vide “The Heat Treatment of Cast' Iron at 
Low Temj[^eratures,” J. E. Hurst; Engineering, July 4, 1919; and Thr, 
Autocar, June 7. 
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The FailUrfe of Materials—Tests to Destruction. 

Theoretical Aspects. — The question of the mode of failure 
of materials is a very iiuportant one in engineering design, 
and it is therefore not sur})rising that considerable attention 
has be(m given to both the theoretical and experimental sides. 
The main problem connected uitli the sid^ject of ultimate 
failure in ductile and brittle materials is to find whether the 
decisive factor is one of sinqdc normal stress, strain, or of shear. 

At the outset the failure of a material in tension can be 
dc^finitely stated not to b(‘ due to any accompanying com- 
pressive stress, for the results of niuiu'roiis cxjjcrinu'iits ])rovc 
that no amount of compression will ru})ture a material, 
providc'd that the material is t)re\ented from sj)reading 
laterally. 

It is also fairly certain that either the maximum ])rincipal 
stress, principal strain, or maximum shearing strc'ss, must be 
involved in the t)r()C(*ss of rupture. 

There are three i)rincipal theori(‘s of failure based upon 
the abov(i factors — namelv : 

1. That elastic failure occurs for a certain value of the 

juaximum principal stress. 

2. That it occurs for a certain value of the j)rincipal 

strain. 

That it occurs or a certain value of the maximum 
shear stress. ^ 

It should be pointed out that the maximum shear stress 
depends u})on the principal stress values. 

The results of most experiiii exits tend to confix m the belief 
that failure ixi the case of ductile materials such as iron and 
st'^el occurs by shear, and in brittle materials such as cast iron, 
concrete, or brick, by tension. 

1. The maximuin value of tke principal stress, p, in the 
case of a material subjected to a tensile stress pj is given by— 



where q is the shearing stress. 
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2. The princip<al strain under these circaimstar^?^, on the 
St. Venant hypothesis, is given by — 



uherc is Poisson’s ratio, 
m 

For th(' usual value of J for Poisson’s ratio 
e - + 1 -25 sj ^ 

The limiting ease is obtained by putting Pj 0, #hieh gives 

5 

p • q — that is to say, a slu'ar stn'ss equal to four-fifths of 
the tensile strength. 

3. Th(i sh(‘ar stress theory* attributing failure to shear 
alon(‘ is bas('d u])on the relation — 

' \/^4 ■+ 

where is the equivalent shear stress. 

The limiting case is oblaiiual by putting q -■ 0, whieh gives 
p^ ^2r/^, or a shearing stress value equal to one half of tlie 
tensile strength. 

There is also another theory, sometimes known as the 
Navier theory, whieh attempts to aeeount for the faet that 
certain brittle inateriais fail by shear or sliding along dc^finite 
planes inclined to the axis of ])ush, not at the usually ])re- 
dieted but at a greatbr angles 45°-f(/>/2, where </> is the 
angle of friction such that tan = [jl, the frictional coefficient. 
The results of compression •tes1»^ upon brittle materials te nd 
to support this vicAv, as will b^ shown subseajuently. 

Nature of Actual Failure. 

’ In the case of ductile materials, such aS wj ought iron, mild 
steel, rolled copper, and similar metals, failure in tension tests 
often consists of a reduction of area resultant upon the flow 
of metal, and a fracture at the least sectiem, with the fornna- 


formulated by (Jucst and Fresca. 
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^tion of (ionical projection ronghly of 45” side inclination, 
.together with a conical recess, corresponding to the crater 
(Fig. 44, A). 

In the case of non-dnctih materials, failure occurs by a 
separation across a plane normal to the axis of ])ull, with 
little or no reduction of area or elongation. Cast iron and 
cast steel usually exhibit these properties. Semi-ductile 
materials yield by a combination of the two methods — 
namel^^, a normal yield by direct tension of the central core, 





Fkj. 44. 


surrounded by a ring of mental failing ])y direct shearing, so 
as to leave a crater ehect with a flat bottom, as shown in 
Diagram 0, Fig. 44. ' c 

When a ductile material is tested in compression, if the 
length is more than four or five times the maximum width, 
there is no real failure, but }i yi^ding by buckling, or secon- 
dary flexufe, at a lower value f^f the stress than the true ulti- 
m^.te compressive stress. The failure of mild steel tubes 
umler compressive load is an example of the case in point. 

The longer th^ length, for a gf\^en cross-section, the lower 
will be the • ‘ buckling stress” value.* 

V^hen the length is less than three or four times the mini- 
mum width, the f dilure by compression is due to “ bulging,” 

ho subject of struts is considered upon p. 58. 
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or lateral expansion, due to the flowing out lateral^ of the 
material, as shown in Fig. 45. 

The surfaces at which the load is applied become enlarged 
as the load increases, so that for this reason the actual stress 
is reduced for a given load. It follows that to continue the 
process of lateral flow, the load must be increased at a more 
rapid rate as the surfaces enlarge. For a perfectly ductile 
material there would be no limit to the amount of lateral 
bulging, and therefore no true ultimate compressive stress. 

I T 

I I 



45 . —Compression Failure of Ductii.e Material 

In most ductile materials of commeri^e, such as mild steel, 
copper, and similar materials, there occurs a stage at which 
craijks appear upon the surf4Jpe, as shown in Fig. 45, these cracks 
being accentuated in the case of fibrous (ji* faulty materials. 

Lateral yielding in the above^cases is resisted b}^ the fric- 
tional resistance between the surfaces of contact, which varies 
with the degree of roughness ?)f the surfaces and* with the 
compression load. For this reason the ends pf a compressiifn 
cylinder or specimen of a ductile material cannot flow 
laterally at the same rate as the central portions, so that a 
barrel-like shape is formed, as shown in Figs. 45 and 40. The 
latter figure illustrates the effects of compression .stresses of 
hOOO pounds per square inch upon two equal cylinders of 
white-metal identical in composition, the centre specimen 
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being cJl^t by the Eatonia process, whilst the other one was 
poured in the ordinary manner. 

Brittle materjals, such as cast iron, cement, and certain 
timbers, usually fail in compression by shearing and sliding 
along faces inclined to the axis of push. When the length 
of the test piece is not less than one and a half times the 
width, failure occurs by a simple shear fracture, diagonally, 
at an angle varying from to 70° (for most materials) to 
the axis of push, so that the specimen is divided into two 
wedge-like ])arts. 

For a shorter length to width ratio, failure occurs by the 
simultaneous shearing of the material over s(‘veral planes, 
so that wedges or cones of the material forming the sides are 



625V/a^ ■7S5"j>a ^ “ •957"c^/o 


® (g) © 

Fio. 46. — Failure of Plastic Material under CoMniEssiox. 

split off; and if the test is stopped at this stage, the remainder 
of the material, for very brittle substances, is left in the form 
of two cones of pyramids having *as bases the surfaces of load 
application, and with contiguous apices, as shown in Fig. 47. 

The breaking stress in tMs case is greater than in the pre- 
ceding cases, and increases af? the height is reduced, so that 
yie plane of minimum resistance to shear cuts the faces at 
which the pressure is applied. Hodgkinson found that the 
ultimate compressive strength «of cast-iron cylinders varied 
from 69-3 'to 34-4 tons per square inch for height diameter 
raVios varying from J to 7^ respectively. 

When a smooth or polished specimen of mild steel or copper 
is tested in tension past the elastic limit, or when a tube of 
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a brittle’*' or semi-brittle material is tested in co /ipression, 
lines appear upon the surface of the specimen, approximately 
spiral in form, and inclined at an angle of about 45 ° to the* 
axis. Two systems of such lines mutuall}^ at right angles 
are usually found. 



Thes(' lines, or cracks, which indicate local yielding or 
failure by shear, are known as Lud(‘r’s or Hartmann’s lines. 
A typical example is shown in Fig. 48 for the ease of a mild 
steel tube in compression. 



Fig. 4S. — J^udeh’s Lines on Steesseb Brittle Tube. 


The angle of shear failure appears to be greater than 45° 
in most cases; thus, in the case of some cast-iron compression 
tests made by Hodgkinson the average inelination vas 


* Such as glass. 


106 AIl^CRAFT AND AUTOMOBILE MATERIALS 

about 55°^'’’\^hilst other tests upon bricks gave angles varying 
from 58° to 62°. The range of inclinations of these slip 
bands was observed by Hartmann to lie between 58° and 05° 
for various metals. These results certainly appear to sup- 
port the explanation advanced by Navier.* 

If the matter be considered from the point of view of the 
principal stresses and planes occurring, then, referring once 
again to the case of a simjdc normal stress considered on 
p. 19, it Avill be se(‘n that although the maximum shearing 
stresses occur over planes inclined at 45° with the axis, yet 
the effect of the normal stresses upon these planes is to resist 
shearing, owing to the internal frictional resistance of the 
particles, so that sliding or yielding by shear occurs over 
planes inclined at a greater angle than 45°. The theoretical 
angle, as deduced from a consideration of the principal 
stresses, maximum shear stress, and the tangcmtial frictional 

resistance of the })articles, has been shown to be 45°+^? 
where tan </> - /i, the frictional coeffieient. 

Results of Microscopic Examination of the Metal 

The behaviour of the material under stress can he readily 
studied by examining the polished surface, which has als-o 
been lightly etched, under the microscope. 

The normal structure! of a medal consists of a number of 
crystalline grains all joined togethy*r; each grain contains a 
definite arrangement or orientation of particles. The effect 
of a tensile stress is to elongate the crystals in the direction 
of pull. <1 

The subject of the structure of metals under stress has 
beem carefully investigated by Ewing and Rosenhain.f and 
the' following extract § may be of interest: 

“ Microscopic observations have demonstrated that the 

♦ 1 ide p. 101. t Also soo Chapter IV. for a fuller description. 

t Phil. Trans*. Roy. Soc., vol. cxciii., p. 279. ^ 

§ “The Strength of Matcrial‘»,” Proe. Roy. Soc., March 1C and May 18, 
1899, p. 4C, J. A. Ewing. 
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manner in which a metal yields when it takes jii/y kind of 
permanent set is by sliy)s occurring on ‘ gliding ’ surface^ 
within each of the crystalline grains. Tl»ese slips show 
thomselves on a polished surface by developing systems of 
parallel lines or narrow- bands, each of which is a step caused 
by one portion of the grain slipping over the neighbouring 
portion. Two, three, and even four systems of slip lines 
may be traced wdien tbe metal is considerably strained. 
Plasticity results from these sli])s, although the elementary 
portions of the crystals retain their ])rimitive forp, and the 
crystallines structure of the metal as a wiiole is preserved. 
In some metals, in addition to simple slips, or motions of pure 
translation, tliere is a moh'cular rotation resulting from strain 
W'hich gives rise to the production of ‘ twin ’ crystals. Apart 
from this, how^vcT, the occurrenc'c of sli])S on three or more 
plan(‘s within eacii grain suffices to allow the grain to elyinge 
its form to any extent as the process of straining proceeds.” 

The process of annealing an overstrained metal results in 
the loss of elongation, and reversion^ to the primitive arrange- 
ment of th(‘ ci;ystals; the cr\stals will be coarse or fine accord- 
ing as the cooling after annealing is fast or slow. 

The bands, or lines, known as the Luder linc\s are not 
actually the slip lines of the separate crystals, but are the 
integral effects or results of the component crystalline slips. 


Shearing Strength of Metals. 

The resistance to shearing is invariafily less than to direct 
tension or compression in the fase of metals,* it also varies 
in the case of rolled plates acccy’ding to the cfirectic^i of rolling, 
being less w hen the planes of shearing lie along this direction. 

In the case of some Bessemer steel boiktr plate tested, by 
Bauschinger, it was found #hat the sheafing strengths across 
the directions of rolling wore 2(>'45 and 27-35 tons per square 
inch, whilst in the rolling direction they were 21-45 #and 
22-90 tons per square inch respectively. • 


Soe Tables in Appendix II. 
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The sh{?iiKing strength of steels varies from about 0*65 to 
0-80 of the tensile strength; thus, in the case of mild steel 
plate of 26-9 tons per square inch tensile strength, and 34-7 
per cent, elongation, the shearing strength was 21-0 tons per 
square inch. For wrought iron the shearing strength varies 
from about 15 to 20 tons per square inch across the grain. 


B 



A A' 


Fig. 4!). — 8trkss Distkirution in'bevm Hegtton A, Ddctile 
Material; B, Ngh ductile Material. 

Eor crucible steel (0-8 carbon) the tensile and shear strengths 
are GO and 38 tons per square inch respectively. 

The resistance to shearing of cast iron is imperfectly known, 
som© experiments finding a lower value than for the tensile 
strength, whilst some have found a greater value. Izod* 


* Proc, Inst. Mech. Engineers, 1905. 
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found that the shearing strength varied from >-l0 to 1-50 
times the tensile strength. 

The shearing strength of rolled phosphot bronze varies 
from 50,000 to 60,000 pounds per square inch. 

Failure of Beams. 

The ordinary engineers’ bending theory discussed in 
Chapter I. (p. 34) is based upon certain assumptions, one of 
which is that the stress and strain of the material of the beam 
must obey Hooke's law — namely, that the tA\o ^re directly 
proportional. This ndation only holds for certain ductile ^ 
materials, u]) to the elastic limit, and does not hold for non- 
ductile materials such as cast iron, very hard steel, and tind)cr. 

The results obtained, on these assum))tions, thercfon', can 
only apply to cas(vs of bending within the elastic limits for 
ductile materials. 

B('yond the elastic limit, the distribution of normal stress 
over the cross-sectioji of a beam, instead of being represented 
by the dotted straight line AB shown in Fig 49, A, is that 
shown by the-, full line A^B^. Diagram A re])resents the case 
of a ductile matcT-ial, such as mild steel, in which th(' clastic 
limit in tenskm is the same as in com])r(‘ssion. Diagrain I’ 
refc'rs to the case of a non-ductile matt'rial, such as cast iron, 
whi(4i is (considerably strong(n’ in conqjrcssion and \\hi(*h 
does not obey Hooke’s law; in this case the mnitral axis 
approacches the conqax'ssiftn side. 

In order to predict the breaking stress, in the case of beams 
tested to fracture, the law oi behaviour of the material in 
compression and tension bey{md the elastic limit must b(c 
known. * '' 

The ordinary beam theory gives the value of the maximjum 
stress p at any section, at which the B.M. is M, as ^ 

• My 

p- i’ 

where y ^ distance of extreme layer of fibre from the neutral 
axis, and I is the moment of inertia of the section about the 
neutral axis. 
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If, no\Y' the value of the B.M. causing fracture be denoted 
,by Mp then the imaginary stress ^>1 caused by this B.M. is 
often calculated* from the above formula — viz. : 


Pi 


M,-?/ 

I ’ 


It has already been pointed out that the ordinary beam 
theory results do not apply to cases of bending beyond the 
elastic limits, but this method of ex])ressing the ultimate 
strength of beams is rather convenient, if incorrect. 

The stre^ss is known as the Bending Stress, or Strength. 
or the Moduhis of Ruptvre. 

Its value is in general appreciably higher tlian the ultimate 
strength in tension, and for the sajue material it varic's with 
the shape of the se(‘tion. In (‘xpressing bending stnmgths 
it is usual, therefore, to specify the slia])e of the s('ction; 
usually it is rectangular. 

In the case of an I beam, in which the web area is small 
compared with that of (‘ach flange, the stress over each 
flange is practically uniform, and for a ])lastic material like 
wrought iron or mild steel, in which the tensile and com- 
pressive strengths are equal, the bending strength will be 
very nearly equal to either of these. 

For rectangular beams it is probable that the stress dis- 
tribution at fracture is nearly uniform over each half of the 
section, in which case the monumj of resistanc^e Mj^ hd^, 
whereas upon the ordinary beam •ihcory its value should be 
Ml ba^. The value of the bending strength on this 
assum])tion is H times the nltiniate tensile or compressive 
strength; ^^ctually it is very nearly this value. 

The relation between the tensile strength and the modulus 
ofjTupture Pi for’^cast iron (of the same comj)osition) is given 
by Bach as — c 




Pi = ^ - /iV 


/ 


where y = distance ‘from neutral axis to the tension edge; 
2 : =- strength modulus of section. 
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The value of the constant k varies from 1-2 for >rcptangular 
sections and I sections, to about 1-33 for curved contour 
sections. ^ 

It has been found that for cast iron the value of is greater 
for smaller rectangular sections than for larger ones of the 
same proportions; thus, the respective values for p^ for square 
cast-iron beams of sides I, 2, and 3 inches, were found by 


TABLE XXIfl 


Mdlenal. 


' Rupture Values. 

Ullunale, Slreiijlh iti Ton.s 
I nch. 

: per ^Squaie 

Tension. 

lienditnj. 

Com pn'ssion. 

\ i 

20-41 


1 i 

22-()0 
15-45 ! 

I 50-70 

1 1 

24-28 

J 

0-28 

34-00 

- 

14-29 

14-83 

— 

14-72 

25-32 


14-55 

10-35 

_ 

17-40 

18-33 

— 

2 i-o;i 

10-78 



Cast iron — 

i inchx 1 iiicli (loop . . 
i inch X 2 inches d(‘op 
1 inch X 3 inohoH doop 
Circular 2 inches diainotcr 
Mild stool — 

1 inolix 1 inch 
Cun-motal — 

9h‘3 cojiper; 3’7 tin 
80 coppi'i’; 20 tin 
Brass — 

82*5 co])por; 17*5 zinc 
(iO cojipor; 40 ziiK! 

45 copper ; 55 zinc 


D. K. Clark to be 2041, 1443, and 12-92 tons per square inch 

• 1 ^ 
respectively. 

The results of tests* upon ^differently proportioned rec- 
tangular sections showed that^wide and shallow s 9 ctions give 
a higher value for p^ than narrow and deep sections, and 
that the circular section has a higher /q value than a rectan- 
•gular. « 

Values of the bendingt and tensile strengths of typical 
materials are given in Table XXIII. 


* The Testing of Materials,” p. 292, C. A. Cn'wm. 
t Values for different timbers will be found in Vol. II. of this work. 



112 ' AI^CRAIT and automobile materials - " 

I 

Practical Qdnding Tests. 

A common test for oast iron is to cast a number of bars of 
the particular material, the dimensions when machined being 
3 feet 6 inches X 2 inches X 1 inch, and to place each bar 
upon knife-edge supports 3 feet apart, with the 2-inch side 
vertical; the bar is then loaded at the centre until it breaks. 
The usual breaking load specified for a good quality of iron 
for castings is from T3 to T9 tons, and the deflection just 
before fracture should lie between 0*3 and 0*5 inch. 

The bend test usually specified for mild steel bar* is that 
' a rod of from I inch to I inch diameter should stand bending 
over through 180° to an internal radius equal to the diameter 
of the bar. The same test is sometimes specified for standard 
steel bars of up to 50 tons ultimate strength for aeronautical 
work. 

Steel plate is usually tested for bending by doubling it over 
flat upon itself in any direction of the plate, and hammering 
or pressing it double. 

For alloy steel plates this method is modified somewhat by 
specifying a maximum internal radius, after binding double, 
equal to the jdate thickness. 

The International Aircraft Standard Bend Test Specification. 

Bend Test. — {d) The specimens shall be bent cold in the 
bend test. ^ 

(e) Bars . — Bars will be bent ardiind a pin of radius equal 
to the bar diameter or thickness until the sides are paralld; 
unless otherwise noted, the ban: mdist withstand such bending 
without de^veloping cracks or failure. 

Sheets . — The test comprises two distinct operations, 
both of which ar& performed by the use of a press, or, in the 
absence of this, by 'using a knifq-edge and hammer. First, ^ 
the strip is placed in position AB (Fig. 60) on block having 
a V-shaped groove. The knife-edge is placed as shown, and 
pressure is applied oby means of either press or hammer until 

♦ Tensile strength from 30 to 37 tons per square inch. 
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the test specimen assumes the shape A^B^. * After this 
block is removed the bending is finished as indicated in* 
Fig. 51, with or without the interposition of* a spacer. The 
spread of the ends of the test piece varies with the quality 
and thickness of the sheets. The s])(‘cimens must be bent 
as indicated without breaking, and after test shall not show 
hair lines, cracks, or other defetds. 

Other Bending Tests. — Mild steel tubing is often s[)ecifi(al 
to be of such a quality as to withstand bending over through 
180"^ and hammering flat without splitting or shotving flaws. 


k 



Fio. 50. Fkj 51. 

Brass and copper tubes for withstanding hydraulic pressure 
up to 300 pounds per sqiuw’c inch are tested by sawing longi- 
tudinally one side of a piece of lengthy equal to at least 2 
diameters, and then bending the metal inaide-out until it is 
bent double upon itself. 

Another teat is to fill a piece ftf the annealed tube* of length 
equf)l to not more than 15 diameters, with resin, and to beml 
this tube around in a circle until the extremities touch. No 
cracks or flaws must develofT in either case 

Still another test is to place the tube upon two suppo^ds 
at a distance apart equal to 10 diameters, and to load the 
tube centrally until the deflection is equal* to H diameters; 
no defects should show after this test. 



I. 


S 
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Rafwires and Wing Bracing Wires. 

It is usual specify a bend test, which necessitates bending 
through 180® until the internal radius of the bend is equal to 
the minimum width or diameter of the wire, as the case may 
be. No cracks should show on the surface. 

Stranded Steel Cable. 

The flexible type as used in aircraft work should be capable 
of bendin'g around a rod equal in diameter to its own a large 
number of times, without any of the strands fracturing. 


Malleable Bronzes (such as Delta Metal). 

These materials, which can be forged, must be able to 
withstand, without cracking, the test of a circular bar being 



Fig. 52. — Cold Bend Tests erof, Nickel-Chrome Steel. 


bent double {i.c., through 180®) until the internal bimd radius 
is equal to froqi 1| to 2 tinies t^lie diameter of the bar. 

Fig. 52 shows sonic phonographic reproductions of cold- 
bending tests upon nickel-chrome steel* having an elastic 
nmit of 40 tons per square inch, and a breaking strength of 
50 tons per square inch, witlUa 20 per cent, elongation on 
2 inches a'hd a 50 per cent, reduction of area. 

'The left-hand specimen was a 1-inch square bar, and the 
centre one a l|-inch round bar, having originally a deep 


Made by Messrs. Vickers, Lt^. 
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notch upon the tension side. The specimens were l)eht under 
a hydraulic press. 

Fig. 53 is a photographic reproduction* of bend tests upon 
a case-hardened nickel steel of twp grades of hardness — 
A and B — and a case-hardened mild ste(‘I C. 

The steel in A was case-hardened in the ordinary wa}, but 
was quenched in cold water. It is stated that tlie skin was 






so hard that it readily scratched glass. The core had aj 
elastic limit of 65 tons per square inch^ and an ultimati 
strength of 80 tons per square inch. Its smaller^ degree o 
elongation is apparent by the relatively smaller bending an^e 
before fracture. 

The same steel is shown in B, but quenched in boiling water. 

Upon#steels made by Messrs. Vickers, Ltd. 
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The skin is stated to be hard enough to just scratch glass, 
and to be too hard to file. The ultimate strength of the core 
is given as 37 tons per square inch. 

The mild steel bar shown in C was I inch in diameter, and 
had a glass hard skin. Ten.sile test results of the material 
of the core gave an elastic limit of 22 to 25 tons per square 
inch, and an ultimate strength of 35 to 40 tons per square 
inch, with an elongation varying from 33 to 30 per cent., and 
a reduction of ar(‘a of from 70 to 00 per cent. The fracture 
was fibrous, and was coarser than that of the ste(‘l in the 
preceding exam] lies. 


The Torsion Test 

Tt is a matter of some surprise that the torsion-test method 
is not more widely ado])tcd, in view of th(* fact that a large 
number of materials are em])lo>ed for rotating yiarts and 
parts subjected to shear; several of the large automobile 
steel manufacturers are beginning to nauignize th(‘ valiu' of 
the torsion test, and are subjecting their materials to it,’ as 
a [lass test. 

In torsion tests the strength of the material under shearing 
action is that chiefly concerned, and it may regarded as a 
ready means for observing the shear strength and modulus 
of rigidity of the material. 

When a circular rod of a plastic material is subjected to a 
torque of compardtively small amount, the shear strain at 
any part is proportional tQ; thq torque or to the slu‘ar stress, 
and it is^a maiimum at the j)eriphery and zero at the centre. 
^Within the clastic limits in shear, the stress is almost directly 
, proportional to the strain, but beyond the elastic limit the 
specimen will tako a permanent set, or twist, when the torque 
is removqd (which may, however, be removed by annealing). 

^ When the torque is continued, in the case of a plastic 
material it is fqund that when the maximum shear stress is 
reached on the surface, which would cause breaking, the 
,'ipecimen does not suddenly shear, but^that fracture only 
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occurs when the maximum shear stress becomes ^practically 
uniform over the whole section: it does not, of course, increase 
any more at the surface. ^ 

The value of the shear stress calculated from the breaking 
torque value is always higher than the ordinary value as 
found by more direct tests; this, as in the ease of stresses 
calculated for beams at their breaking-load values, is due to 
the non-apjilieation of the formulae based uj)on the ordinary 
assumptions of stress and strain proportionality. 

Torsion Test Results. — When a cylindrical si^eeimen is 
giippcsl in the torsion-t(\sting machine at the oiu‘ end and 
twisted at the othiT, it is found that an initially straight 
longitudinal line upon the surface becomes spiral or helical as 
the torque is increased, and that the spiaameii progressively 
shortens in length and iruTeases in cross-section. For plastic 
materials such as iron and steel, in the shape of cylindrical 



Fig. 54. — ToiisihN-TEKT Specimen. Oase-Hardened Nickel Steel. 

rods of length e([ual to about (‘ight diameti'rs, the spccinnai 
will require b(‘tw('en 5^ and 8 complete nwolutions before 
fracturing. For high-carbon and alloy steels the number of 
twists varies from 1 .] to 4. 

For ca,st iron the torcpieV/’m which will break a circular bar 
can be calculated from the following empirical relation : 

where ^ the equivalent shiviring stress, d diameter or 
coefiuaent of torsional stre.ss. , 

The value of this coefficient varies from a%out 18 tons per 
square inch, in the case of Mie softest grey iron, up to about 
24 tons per square inch for the hardest white iron, •being about 
18 for medium grades. * 

The following tables (Nos. XXIV, a*nd XXV.) show 
some torsion tests to destruction results for iron and steels. 
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Table X^JV. refers to some of the results of Platt and 
, Hayward’s experiments.* 

f TAHLK XXIV. 

1’OR.SIONAL AND SilEAR StUENOTH OF StEEL AND IllON. 


I KliiHttc 
\ Lmnt in 
Mdtei ml. Tons per 
I tS(faarc 
, / ncli. 


Wrought iron, ! 8-9U 

crown b(5Ht j 
Bossomor stool . . [ 2()'2S 

Crucible stool .. 

Jiivot stool . . I l(e2() 

Stool from casting ' I()«4n 

Siomons - JMartiu ! lO-lO 
sto(4 

TABl.K XXV. 

Results of Torsional Tests upon Alloy Steels. 

(Mi'ssrs. Vi(*kers, Ltd.) 

j Tem^de, Test. I Torsion Test. 


Final Twist. 


A iKjle ( Itevo- 

* I Limit. 

Carbon stool 24-8 39-(} ItO-O ()3'() 17*2 

’ (axlo) , I 

Nickel stool 33*2 44*4 25*0 ()5*8 23*2 40*5 1474° 4*09 

Nickol-chromo 45*0 58*0 19*5 ' 63*0 33*5 49*2 1252° 4*48 

stool r 

i _ _ , . 

Nofo. —Tho torsion specimens measured 8 inches long by 1 inch diameter. 
All stresses aro given in tons per square inch. 

* Proc. Inst. Civil Engineers, vol. xc., p. 382. 


mum. 1 Intiovs 

j 

39*2 I 1405° 3*90 


FI on- \ 

Flastic Ultimate (jation j 
Jjimil. Siieiujth. per \ 


Cate ulaied 
iSIteai imi 
Sli ess. 


Cent. Alaxi-l 
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Repeated Stresses. 

Hitherto only the steady or static stresses have been • 
considered; it next remains to consider the effect of 
stresses caused by loads which fluctuate in value between 
certain specified limits, frequently. Such stresses occur in 
numerous cases in engineering practiee, and their effects are 
quite different from those of simple static stresses of the same 
amount. In the following notes stresses which are of the 
same sign — that is, either of tension or of comprc'ssion — but 
which fluctuate in value, will be termed “ varying*’’ stresses, 
whilst those which alternate from tension (or positive*) through 
zero to comjjression (or n(‘gative), or vice verm, frequently^ 
will be terim'd reversed ” stresses. The term ‘‘ alt(*rnate ” 
will be employed to denote both of these stresses collectively. 

If the stress limits lie w(‘ll within the elastic limits the strc‘ss 
variations may proceed for very long periods; for example, 
the hair spring of a wat(’h is alt(‘rnat(‘ly in tension aiul com- 
pression at the rate of about loO million alternations per 
annum. 

On the other hand, if a pie(‘c of metal strip or bar be 
bent backwards or forwards a few times so that strt'sses are 
outside th(' clastic^ limits, it will fracture in a very short time. 

It has been found that metals which are subject(‘d to fre- 
(pK'iitly alternating str(‘sses will fracture at a much l()W('r 
value than their ordinary statical stress, and that the mat(‘rial 
will fracture sooner for a gVen range of revi'rsed stress than 
for the same range of varying stress. • 

Further, the effect uj)on ^the^ elastic liuiit of a frequently 
varying stress of a maximum amount which iloes not exceed 
tin* original statical elastic limit is to raise same; the (‘ffect 
of a reversed stress is to lower the elastic limit. 

^ Extensive researches u|)on alternating stress effects, 
extending over a period of twelve years, were made by Wohler, * 
the results of which were published in 1870, 

* “ Jlio Fcstigkeits-Vcrsucho mit Eiaen uiid Siahl.” Berlin, 1870. 
Alao in Engineering, vol, xi., 1871. 
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These te^ts were made in machines of different kinds in 
which the specimens could be subjected to direct tension 
between any predetermined limits, to repeated bending in 
one or in opposite directions, or to repeated torque of opposite 
signs. 

One type of machine which has since been employed in 
later alti'rnating stress tests is similar to that shown upon 
p. 212; this machine was used for alternating bending stresses, 
so that the material was alternately in tension and compres- 
sion once every revolution of the driving shaft. 

The general result of these researches (since repeattal and 
confirmed by other experimenters) was to show that the 
resistance to fracture or the safety of any engineering 
structure under alternating stresses depc'iids primarily upon 
the range of variation of the dress, and upon the numb(*r of 
repetitions of same. 

Also, that reversed stresses well within the elastic limits 
will ultimately cause fractur(‘ if repeated for a sufficiently 
large number of times. 

Furthermore, Wohler showed that in general the smaller 
the range of stress, and the lower the value of th(‘ maximum 
alternating stress, the greater the number of repetitions of 
stress it will stand before fracturing. 

Below a certain limit of stress range, the inaterial will 
stand an indefinite number of stress repetitions before 
reversal. , 

Thus, in the case of a certain grade of mild steel it was found 
that when the tensile stress vari(‘d from zero to 30 tons jier 
square inch at a given rate of loaUing, the material fractured. 
When ther range was from zero to 25 tons per square inch, 
h^lf a million reversals, at the same rate of loading as before, 
w^Te sufficient lo cause fracture. From zero to 23 tons 
per square inch, a' million revcisals caused fracture; from 
zero to 20^ tons per square inch, million reversals were 
nec*essary. 

When the stress varied from zero to 15 tons per square 
inch frequently, it was found the “ limiting range of stress ” 
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was reached at which an indefinitely large number of reversals 
would be necessary to cause fracture.* 

It has been found that alloy and high-carbon steels withstand 
a greater number of stress repetitions of the same range than 
]nild steel or wrought iron, and that they possess a higher 
limiting range of stress. 



Fk;. 55. 

The results given in T»ble XXVI., and which are reprcv 
sented graphically in Fig. 55, show t^e relations between 
the range of stress and the number of stress repetitions for 
the ]nat(‘rials indicated. 

The effect of “ reversed ” stit^sses as compared wfth “ vary- 
ing ” stresses is best shown by considering some of the mew’e 
reliable experimental results, f such as those given in TaSle 

XXVII. It will be seen at*oncc that for a given number of 

• 

* Later researches point to the conclusion that there is a definite but ♦cry 
small change in the structure of the metal, even for very small ranges of 
stress, and that no metal would stand an infinite number of variations. 

t Vide Unwin’s “Testing of the Materials of Construction.” 
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, ^ TABLE XXVL 

Relation between Stress Repetitions and Stress Range. 
‘ (Wohkr.) 

(Rotating Bars in Reversed Bending.) 


MdlenaL 

Stress in Tons per Square 
Inch. 

Maximum. 1 Minimum. 

\ 

Raruje of 
Stress in 
Tons per 
Square Inch. 

No. of 
Repetitions 
before 
Fracture. 

Axle steel 


- 1()-3 

32-0 

51,240 



lost 

30-() 

72, <140 



I4*:t 

28-0 

205,800 


i:m 

J3-4 

28-8 

278,740 


12-4 

12-4 

24-8 

564,900 


U-f) 

1 1 *.5 

1 23-0 

3,275,8()0 


l()-5 

10-.5 

21-0 

8,r)()0,ooo* 

Copper rod . . 

+ 7-b4 

- 74)4 

15-28 

30,875 


7-(l4 

7d>4 

15*28 

67.725 



()•()<) 

13*38 

480,700 


<1-21 

0-21 

12*42 

663,100 


; 5'b7 

.5d)7 

11*94 

798,000 


1 5‘73 

,5-73 

! 1 1*4() 

2,834.325 


1 4-78 1 

4*78 

9*5(i 

19,327,460 


stress repetitions causing fracture the range of reversed stress 
may be about the same in each case, but that the maximum 
stress for a given range is considerably lower for the case of 
reversed stresses. 

Another feature confirmed by tiie tabular data is that of 
the greater range of stress which niaterials of higher tensile 
strength will withstand; thus, in the case of the wrought-iron 
tests the maximum range of* reversed stresses was 14*3 for 
a tensile strength of 22*8 ton^ per square inch, whereas in 
th^ case of Krupp’s axle steel this range was 28*1 for a tensile 
strength of 52 tons per square inch. Fig. 56 illustrates graphi- 
cally the relation between the limiting stresses, the stress 
range for static, varying, and reversed stresses, and the num- 
ber^of reversals to just fracture, for mild steel. 


♦ Not broken. 



Limiting Stress m Tons per S^. /n 
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In the case of the results given for untempered spring 
steel (Table XXVII.) it will be seen that the range of varying 
stress progressively diminishes as the maxigniim value of 
the stress attained increases, the limiting value being that 
of zero range for the ultimate statical tensile strength. 



Nomb^r c/* ^ever^Q/s of Stress ( 


Fm. 56 . — Strength of Mild Steel under Alternate Stressei^ 

• 

It should be emphasized that the above results refer to 
what may be termed the varying and reversed stress liifiits 
for a given endurance before fracture — immely, of at least 
2 or million stress- cveh^ renetitiona. 
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« ‘ TABLE XXVII. 

Results op Repeated Stress Tests.* (Wohler.) 



Mini- 

Maxi- 

liavqe 

1 Stalkal 


Material. ! 

mum 

mum 


1 Tensile 

A uthority. 


Stres.^. 

tilresH. 

Sir ess. 

Strength. 


'Fan s 

per 

Sqnar e 

1 rich. 


Wrought-iron plate. . ' 

0 

i:m 

13-1 

22-8 

Baiischingcr 

J 1-4 

19*2 

7-8 

22-8 

,, 


7-15 

+ 7-1.5 

14-3 

22-8 

- 

BobSemor steel 

0 

15-7 

15-7 

28-6 

Bauschinger 


u*:i 

23-8 

9-5 

28-6 



- 8 -.5 

+ 8*. 5 

17-10 

28-6 

- 

Axlo stool . . . . , 

0 

18-4 

18-4 

39-0 

Bauschinger. 


19-5 

30-85 

11-35 

' 39-0 



-9-7 

+ 9-7 

19-4 

39-0 

- 

Krupp’s axle steel . . 

0 i 

26-5 

20-5 

52-0 

Wohler. 

17-5 


20-25 

52-0 

,, 


U-Ob 

,+ 14-05 

28-10 

52-0 


Sjiring steel (not tem- 

0 

25-5 

25-5 

' 57-5 

Wohler. 

pered) 

12*5 

35-0 

22-5 

57-5 



2()-() 

40 0 

20-0 

57-5 



30-0 

45 0 

! 15-0 

57-5 

1 

- 


A^o^e. — Tiie above roHults refer to cases in which the iiiati'i’ial withstood 
at least 2 or It million repetitions before breaking. 


Effect of Rate of Loading. — It has been found t that the 
rate of load or stress repetition may vary from zt‘ro to about 
700 or 800 alternations per mmutc without ajjpreciably 
affecting the results.' Wohler’s tests were made at 60 alter- 
nations per minute. Messrs.^ Lt^en, Cunningham, and RoseJ 
found no effect' upon the limiting range of stress between 

I. 

250 and 1300 revolutions per minute. On the other hand, 
Reynolds and Smith § found a diminution in the stress range 
of about 30 per cent, for an increase in the alternations from 
1600 to 2400^ per minute in the case of mild steel. 

♦tpor more extensive results refer to Unwin’s “Testing of Materials.” 

f Stanton and Bairstow, Proc. Inst. Civil Engineers, vol. clxvi. 

+ “Endurance of Metals,” Proc. Inst. Mech. Engineers, 1911. 

§ Phil. Trans. Roy. Soc., 1902, p. 265. 



PROPERTIES OF MATERIALS UNDER ifeST 126 

It was also shown that a high-tensile steel such as^cast steel 
of 58 tons per square inch did not have any higher stress 
range at th(\se high speeds than 2G-ton niild f^eel. 


FormulcB for Stresses due to Repeated Loading. 

The published results of Wohler’s alternating stress tests 
have been embodied in the following formula, due to Gerber: 

Calling the breaking stnmgth of the material for a 
repeated load giving strc'sses ranging from and ± 

for an indefinitely gre^at number of alternation*, then the 
stress range 

^ \ k + k 

^ «'nmx — 

where ± corresponds to stresses of the oi)posito kinds to 
and to the same type of stress. 

The stress range A is then always positive' in value. If 
K is th(‘ statical breaking strength of the material, then 

+ jK^~nSK 


ex})resses the results of Wohler’s tests, where' 7i is a ce)nstant 
whose value elepends upem the ty])e e)f material. 

Fe>r wre)ught iron anel mild ste'el n - 1*5. 

For hard steel . . . . . . 2-0 


In Table XXVIII. the formula^ de'diieeal from the one 
above, are given for certain spee-ial eaises of j)raetical interest. 

By substituting the value's of n previe)usly given for eluctile 
materials, the rever.seel stress limit works out at 

K/3 — i.e., the working stress limits ntust nejt exceeel from 


For varying stresses from zero to the value of k,^^^ 

works out at 0-61 K, so that the working limits of stress Tor 
.stresses varying frequently^ from zero t© a maximum ^hould 
not exceed 0-61 of the statical ultimate strength^ 

For hard and brittle steels, the corresponding revcjrsed 

K. K 

stress limits are from - to + ^ , and foi* varying stress from 


0 to 0472 K. 



126 AIRCRAFT AND AUTOMOBILE MATERIALS 


TABLE XXVIII. 

Formulae fqr Various Kinds of Repeated Loading 
Stresses. (Unwin.) 


Type of Stress Variatio7u 


iStoady sirens only 

Tension, from (J to 

Tension, from 0 to 
Tension, from to /.'max- 

From - to + . 

From - /max to 4- /'max 


Formula for Maximum 
Stress causing Fracture 
for an Infinite Number 
of Load llcpehtions. 


knxAx — X 


/'max 2(\/ /'“+ I ^ 'll)K 



/max--^ ditto. 


/’max--' 2(Va^-f- 1 - r()K 
/■ 

A max - 


zero 

/'max 
/ /'max 

J /'max 
/'max 
2/ max 


Stress 

Range 

A. 


The Launhardt-Weyrauch Formula.--This empirical formula 
expresses the limiting value of for both varying and 
reversed stresses, and gives results which agree fairly well 
with the observed ones. 

Thus, -JK (l + 1 for mild steel. 

\ J max ' ^ 

This formula* gives a reversed stress limit of from — to 

K K 

+ and a varying stress limit of from 0 to 2 - 

The diagram showp in Fig. 57 expresses the results of the 
above formula graphically, and enables the limiting value of 
the maximum stress to l)c read off for any given type 
of stress -variation. For exanfple, for a strcvss varying from 
a negative value denoted to scale by oc, the range of stress is 
ref^rcsented by cot, and the safe maximum stress by ot. 

Foi* a varying stress commencing from any initial value 
Oj/j, the perlnissible range is given by and the maximum 
allowable stress by o^t^. 

* fn deducing those values, the sign of /m must be taken as being 
negative. 
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o o o 0*2 

CO M — ^ — 


These stresses are the limiting values whieh will withstand 
an almost indefinite number of repetitions at a rate not ex- 
ceeding a few ljundred per minute. The maximum stress 
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curve ADD is often, as in the above formula, replaced by the 
straight line AD. Fig. 57 also shows the “ range of stress ” 
curve for different values of the maximum stress (abscissai). 


Fatigue. 

When a material suffers fracture owing to repeated stresses 
of varying amounts, it is said to suffer “ fatigue ” or weakening. 

It has been a popular notion for a long time that the elfect 
of repeated stresses or of shocks* is to alter the molecular 
structure of the metal, and to remler it “ crystalline ” or 
brittle. The structure of a metal is necessarily crystalline 
akvays, but the effect of an ordinary tensile fracture is that 
the crystals become elongated in the direction of the pull, 
so that they collectively present a fibrous appearance, whereas 
in the case of a fatigue fracture (which invariably occurs 
without local deformation even in ductile materials) the cry- 
stals are broken through without being elongated appre- 
ciably, so that collectively the fracture appears to the eye 
crystalline. 

Ihc first visible effect of fatigue is in the production of 
slip bands uj)on odd crystals, even for stre^sses within the 
elastic limits; the next change consists of a multi])lying 
slip-band effect, in which more crystals are affected and^ 
broader bands develop, and also the edges roughen and be- 
come blurred. These slip ban Is. next develop into cracks 
which spread from crystal to crystal until fracture as a whole 
occurs. It has been noticed that when a crack or flaw is 
present, the effect of fatigue ‘is tb spread from this place over 
the rest oi the surface. o 

I ^ 

Impact or Shock Stresses. 

* In the preceding cases of repeated stresses the loadings 
haVe been more or less gradual, although reference* has been 
made to cases of repetition rates up to 2400 per minute; it is 


* See p. 124. 
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possible that very rapid reversals and alternations of 
loading produce the same effects as those of impact or 
shock. 

There is, however, a difference between the effects of gradu- 
ally applied and suddenly applied stresses, for the general 
effect of a shock is to tend to destroy the plasticity of the 
material and to produce a certain local hardening effect; 
the net effect of repeated shock is a gradual falling off in the 
strength of the material and, if the intensity of the stress 
produced exceeds a certain limit, an ultimate rupture. 

The subject of shock or impact stresses is of very high 
importance in automobile and aircraft practice; for example, 
when a motor-car is travelling over a bad road a series of 
impacts are given by the road to the wheels; these are partly 
absorbed or expended in deformation of the springs and tyres, 
but are also transmitted to the c' assis and body members 
as modified shocks, and the car members must be designed 
to withstand such shocks. Even so, cases frequently occur 
of bolts, jHiis, and other members fracturing after a certain 
period of wear. 

In the case of aeroplanes, owing to the limiting weight 
allowable for the undercarriage springing, part of the taxi-ing 
and landing shock is transmitted to the framework of the 
undercarriage, wheel axle and components, and fuselage. 
Again, the cylinder and piston, gudgeon pin, connecting rod, 
crank-shaft, valves, and tf^pet mechanism of petrol engines 
are subjected to explosion and operating shocks, and the 
design must allow for shock stresses occurring repeatedly. 
All parts subject to repeated shock or impact require higher 
factors of safety than f^ gradually repeated or stafic stresses 
of the same kind. ■ 

When a weight W is allowed to fall suddenly upon a vertical 
bar or rod, ae^shown in Fig. 58, so as to produce a tensile 
stress effect, tk® strain produced is double that which woulc^be 
produced by the same load gradually applied; and, similarly, 
the maximum stress ot a sudden load or shock will be double 
that of a gradual load of the same amount. 
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If the ‘'stress produced lies within the elastic limit, the bar 
will execute a number of longitudinal vibrations similar to 
a spring, and these will gradually die away in time. 

If, however, the stress produced is just greater than the 
elastic limit, then the material becomes slightly elongated 
permanently. Another way of considering the effect of shock 
is from the energy standpoint, for the kinetic energy of the 
blow (as in the case of a falling weight) must be used up in 
stretching the s lecimen and its supy)orts. If tlie latter be 
assumed tigid, the Avhole of the shock energy is utilized in 



stretching the specimen: if now this shock energy be greater 
than the amount of work capable of being used up in elastic 
strain, the elastic limit will be exceeded, and a hardening 
effect upon the material wi|j oqgur. Each succeeding shock 
of the same amount will in turn cause a corresponding harden- 
ing tendency, so that there will be a gradual deterioration of 
t^e material owing to its loss of plasticity or power of elonga- 
tion. Such effectsfoccur in the^cases of crane chains, hawser 
and wire i;opes, subject to live loads; these, in practice, are 
fceind to gradually weaken, and to ultimately break at a 
comparatively lo^y load value, which would hitherto have been 
considered quite safe. 

The instantaneous stress produced by a live load W, in 
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the eas(‘ of a member carrying a dead or steady load of 
the same kind, is given by— 

w+w, w 

A + ' A’ 

when* A - (Toss-sectional area of member. 

Or, tlie instantaneous stress ])rodueed is (H[ual to the sum of 
tiu‘ live and dead load stn^sses, considered as an equivalent 
dead load, j)lus the ‘‘ change in load ” stress considered as a 
dead load. 

Th(‘ gradual deterioration in a material subjeett'd to shocks 
IS often tcTined “ fatigue,” for the fractures whi(‘h occur under 
tlu'se (‘ireumstanees are similar to that of brittle or non- 
ductile materials - namely, without any a|)[)reciable elonga- 
tion, the application of tlu', term '‘fatigue” in such cases 
is probably more justifiable than wh(‘n used in connexion 
with deterioration under repeat(‘d stresses In either ease, 
howev(T, th(5 ultimate effects bear a resemblance, and the 
process of annealing can be ectually well applhul to fatigued 
juaterials which are not too badly weakenech even although 
the elastic limit has b(‘en exceeded. 

Working Stresses in Materials — Factors ot Safety. 

The whole subject of engineering design is larg(‘ly governed 
by considerations of the maximum allowable stresstes. In 
many cases the proportions of members under stress cannot 
b(^ directly estimated, anfl often the pro])ortions of the loads 
borne by members cannot be accurately computed; in such 
cases the dictates of exiferktice and of experiment must 
decide the actual proportiom^ 

In the majority of cases occurring in design work, however, 
it is possible to estimate the loads coming fipon the members 
of an engine, machine, or structure, and the proportioning of 
these members for successfully withstanding tkeir loads for 
long periods can be readily decided from a knowledge of the 
properties of the material under the particular type of load 
application — i.e., whether the stress produced is a static, 
varying^ reversed, or impact one. 
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The final dimen.sions are not always entirely fixed by such 
considerations, qlthough these are usually of the greater im- 
portance; for example, in the case of an internal combustion 
engine cylinder it is a simple matter to work out the thickness 
of the walls to withstand the explosion load equal to that upon 
the piston head, and to allow for the shock effect of this load. 
If this calculation be made for an actual case, the thickness of 
the cylinder walls for cast iron usually works out at about 
J inch or less. Now, it is not possible to make such a cast- 
iron casting of less than about J inch thickness, and allow- 
ance must be made' for the' wear of the walls, provision for 
reboring after such wear, initial casting stresses, and the stress 
due to tem})eraturc differences occurring when working; 
the actual thickness adopted is thereffore between inch and 
} inch.* Numerous other exami)les occur in (h^sign work 
of dimensions being modith'd by practical considerations. 


(1) Steady Load Stresses. 

When the load is a steady or ‘‘ dc'ad ” one, and invariable in 
amount during the life of the machine or structure, the work- 
ing stress can be, relatively speaking, a high precentage of the 
breaking stress; it must, however, lie within the elastic limit, 
The expression Factor of Safetyf is usually applied to the 
ratio of the ultimate breaking stress to the working stress — 
that is ; ♦ 


Factor ef Safety 


Ultimate'. Stress 
Breaking Stress 


The choice of a factor of safety *in the case of a steady load 
will depend upon (a) the typetof material employed; (6) the 
accuracy with which the load can be estimated or determined; 
(c)*the degree or quality of workmanship in the manufacture 
of the member; {d) tlie possibility of subsidiary stresses, such 
as those dut^ to temperature; and (e) chemical deterioration 
due to atmospheri • or other exposure for long periods. 

Those values refer to the machined cylinder; the rough-cast cylinder 
would vary trom ^ach to | inch in thickness. 

t Usually denoted by tho letters F.S. , , 
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The factor of safety for accurately known lo^s will be 
higher for homogeneous metals, such as the various steels, 
than it will be for cast metals like cast iror, brass, etc., for 
the latter are subjected to unknown casting stresses, due to the 
different rates of contraction, or cooling, of ditferent parts. 
Thus, castings such as tho.se shown in Fig. 51), will be subjt'cted 
to internal stres.ses, owing to the thinner parts cooling more 
(piickly than the thicker parts, and will tend to fracture' in 
tt'nsion at the see'tions A"-X. Uniformly thi(*k matfu'ials are' not 
in general subject to this e'tTe'ct. 



For different steels the ratio of the cla.sticjimit to the tensile 
strength varies, and therefoVe the me)st suitable material * 
for dead load stresses is (other things being ('^ual) one in which 
the ratio of the elastic limit to the tensile strength is the greatest. 
For low-carbon mild steel ^liis ratio is about 65 per cent. For 
4 per cent, nickel case-hardening steel it is 75 per cent, foj^ the 
unhardened state, and 86 per cent, for the case-hardened state. 
For high-grade nickel-chrome steel as used for connecting- 
rods inlet valves, special engine gears, et(5 , this ratio is 
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60 per cent for the unhardened state, and about 90 per cent, 
for the oil or air hardened state, the tensile strength being 
from 100 to 120ttons per square inch in this case. Lower 
values for the static factors of saf(‘ty may be employed for 
these latter steels. 

Again, the factor of safety for metals is always higher than 
that employed for timbers, for the strength of timber depends 
largely upon its mode of growth, the climate, soil, season of 
felling, nature of the seasoning process, final degree' of 
moisture, anjl other uncertain factors. Moreover, the results of 
Jtensilc and otlu'r tests upon ee'rtain timber specimens cannot 
b(} accurately applied to other similar timbers, unless the 
whole of these factors and their effeds are known. Even 
with an efficient method of timber inspection, much higlu'r 
factors of safety must be employed. For other miscellaneous 
materials, such as fabrics, cords, fibre, rubber, etc., the pro- 
perties are usually jnore accurately d(‘terminable, and ap])ro- 
priate factors of safety can be chosen for their working con- 
ditions. 

Under the circumstances considered the following are the 
factors of safety usually adopted for accurately known steady 
loads : 

For steel and iron members . . . . . . from 3 to 4 

For cast iron and cast metals in general . . ,, 4 ,, f) 

For timber . . . . . . . . . . ,, 7 ,, 8 

For brickwork, stone, masonry, ete. . . ,, IS ,, 24 

The above represents the minimum values under the stated 
conditions; in employing these results the considerations 

previously mentioned* should not be overlooked. 

• • 

(2) yrequently Repeated Load Working Stresses. 

The same general consideratior^ apply as in the case of 
materials sul^ject to steady loads, but the factors of safety 
will, « of course, be higher. Also the F.S. for a varying load 
of a given range wilj be lower than that for a reversed load of 
equal range. 

* Vide p. 132. 
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From the formulso deduced from Wohler’s experimental 
results it will be seen that by substituting the value n- 1*5 
for ductile materials the ultimate strength for frequently 
repeated stressi^s varying from zero to a maximum oeeurs at 
one half of the static strength, whilst for stresses varying 
from negative to positive values the maximum stress value 
causing fracture, ultimately, is about one third of the static 
breaking strength. 

Thus, if the F S. for a steady load be 3 , tlum for a varying 
load it will be 0, and for a n^versed load it will be {). 

The value of the working stress can also be (h'tc'rmined 
from the Launhardt-Weyraueh formula; for if the F.S. for any 
material under static load be denoted by r, then the value of 
th(‘ working unit stress /„ is given by — 

. , R / , 1 max stressx 

L- U + • > • 

•' r \ “ mm. strevss/ 

wluu’e K- ultimate static strength of the mat('rial 

In connexion with the (piestion of Avorking stresses for 
structures subjected to both liv(' ” and ‘‘ dead ” or st('ady 
loads, it is interesting to note that in tlu' eas(' of bridges, in 
whi(’h the ratio of live to dead load is large, the working stresses 
for good mild steel vary from 3 .I to 5 ^ tons per square inch. 

The corresponding values given by the abov(‘ formula are — 


Working unit stress^ (2\ to 85 



min. loadn tons per 
max. loadj square inch. 


This formula fixes the working stress range. 


(3) Impact Stresses. 

The effects of shock and ^Iso of repetition sl/esses aie 
conveniently embodied in the formula — 

Equivalent dead load - maximum load + load variation. ® 

This method reduces live loads to their equivalent d(^ad- 
load value, and then treats this latter as an ordinary st-^tic 
load Then the F.kS. is directly given by — 

^ ^ Ultimate stress 

~ Equiv. dead- load stress. 
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The following factor of safety values are recommended 
by Unwin, and should be regarded as being the minimum 
values for ordinary engineering practice. Different allow- 
ances must be made for special cases, where short or extra 
long endurance, liability to corrosion, bad workmanship, etc., 
are imi)ortant considerations ; 

TABLE XXIX. 

Factors of [Safety. 

I Factor of Fajety. 


Material. 


Live or ]'a)yin(f Load 


Dead Load. 


FftesA of One j 
Kind only | 


Reversed 

Stress. 


For Cases of 
Impact o) 
Shock. 


Cast iron 
Wrought iron and 
stool 

Timber , . 
Brickwork and 
masonry 


4 

7 

20 


0 ' 10 ‘ If) 

f) : 8 : 12 

10 i 15 20 

:io , _ { _ 


Factors of Safety in Aeroplane Construction. 

The working stresses are generally calculated for the case 
of the aeroplane dying horizontally in still air, the normal 
“ toad ” in this case being equal to the weight. The usual 
method hitherto adopted has been to choose a “ factor of 
safety ” of, say, 6 upon the normal loading stresses to allow 
for abnormal stresses; it will be shown that this factor of 
safety is inadequate and misleading. 

•The normal loading of a machine may be increased to many 
tiihes its value under different conditions of flight. Thus, the 
effects of banking, diving, antf flattening- out, sudden or 
irr^^ular gusts, etc., all impose higher loadings upon the 
machine. 

The following figures, based upon careful estimates of the 
loadings under the stated conditions, show the ratios of the 
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loadings under the given conditions to the normal loading 
upon the planes : 

For banking, 1*5; for wind gusts, 4 to 5; fo. flattening-out 
after a steep dive, 5 to 7, and for looping 3 to 5, depending 
upon the speed. 

For any combination of these conditions, the values given 
must be multiplied together Thus, for a sudden unfavourable 
wind gust whilst banking the value would be 1*5 ^ 4*5- (v75. 

Th(‘ figures given for flattening-out after a stet']) dive re- 
present an extreme case, which would not be realiz(‘d by a 
careful pilot. The maximum abnormal loadings in jiractice 
could hardly exceed about five times tlu; normal. Under these 
conditions the dimensions of the members subjected to stresses 
du(* to these loadings should be such that there is still a margin 
of safety in the material its(‘lf. 

It is advisable to allow an initial factor of safety of about 5 
to allow for the maximum abnormal loading, and a second 
factor of safety of between 2 and 3 to allow for material 
strength; the overall factor of safety will thtai lie between 
5x2^ 10 and 5x3 -- 15. 

The Government at present acc(‘pt aeroplanes with overall 
factors of safety not lower than 4, but usually between 5 and 8. 

In considerations of factors of safety the nature of the load- 
ing should be taken into account. Thus, if tlu' load is a steady 
or “ dead” load, the factor of safety for th(‘ material may be 
as low^ as 2. For live loads, which coim^ on frequently and 
vary in value, the factors of safety require to be much higher- 
say, from 3 to 6 — in aeroplane work. As an example from 
engineering practice may be* mentioned the tliree following 
cases for steel structures : 

(а) Steady load, F.S. -- 4. 

(б) Load varying from zero value to a maximum, frequentlj:^, 

F.S. ==7. 

(c) Load varying from a negative maximum, through zei^, 
to a positive maximum, F.S. = 13. 

The question of lightness of construction is always more or 
less bound up with that of the margin of safety, and the modern 
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tendency^ is to adopt larger safety factors at the expense of 
the weight-carrying capacity, although the increased general 
efficiency of tlK^ machines favours this procedure. 

The greatest stresses in practice are usually associated with 
the wing spars. In all cases the elTcets of the aileron or warp 
loading, treated as a frequently occairring load varying from 
zero to a maximum, should be allowed for. 

As an acceptance or check test for contract aeroplanes, it 
is the usual practice of the purchasers to seh'ct at random 
one maclpne in every eight or twelve, and to su])port this 
machine upside down upon trestles, and to load the lo\v('r 
surfaces of the wings with shot or sand in bags until they break 
down. If be the total breaking load ii])on the* wings, 
and 2w the weight of the wings, and if W is th(‘ total loach'd 
weight of the machine in flight, then the overall factor of 
safety is given bv — 

Wi 

Overall F.S. ^ • 

W - 2w 

In connexion with this method of testing the machine to 
destruction it is advisable to introduce, artificially, a loading 
equivalent to the “ drift load ” ; and, further, to load the ])lan(\s 
along the span and along the chord in accordance with the 
accepted lift distribution or pressure distribution curves for 
the wing asjiect ratio and section. 

In many cases it is usual to subject the machines to a sand- 
bag test, representing an abnormal loading of betwecui four 
and five times the normal, before proceeding to fly the machine. 

Impact Tests. 

The ordinary 4 tensile and bending tests are no true criterion 
of the impact-resisting qualities of a material, and in all 
cUses in which material is employed for parts subjected to 
sfiock or impact, t^sts should be made upon samples under 

similar conditions. * 

< 

Machines* have now been devised in which suitably shaped 
soecimens of the material are subjected to either single or to 
repeated blows. In some cases the specimen is given a series 

* See p. 218 et scq. 
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of impacts so that tensile and compressive stresses are 
alternately received, as in the case of a rod which is repeatedly 
pulled and pushed suddenly. In another case*othe specimen 
consists of a circular rod resting upon a pair ot knife-edges, 
as a beam; a weight is dropped upon the centre of the beam 
thus formed, and between each blow the specimen is rotated 
about its axis through 180°, or half a turn, so that each side 
of the beam is alternately in tension and compression. 

The simplest method of impact testing is that in whidi 
a bar is clamped at one end (as a cantilever), and in which the 
free end is given a blow of a known amount. Th(' (mergy 
absorbed in bending or fracturing the bar is taken as a measure 
of the im])act-resisting qualities of the material. 

The best-known machines of this type arc the Izod f ^i^nd 
the (diarpy pendulum ones, in which a pendulum of known 
weight is allowed to fall from a known hcaght, and hits a 
cantilever typc^ of specijnen wdum at th(‘ lowa'st part of its 
path. The energy remaining in the ]x:mdulum is measured 
by the height of rebound of the pendulum. The dilTerence 
betw'c'en the energies before and after the blow gives the energy 
absorb(‘d by the specimen. 

Th(‘ test may consist of fracture by a single blow^ or by a 
number of blows. 

Simple Beam Impact Tests. — The simplest form of impact 
test is that em 2 )loyed for testing steel rails or cast-iron bars, 
by supp(U’ting these as bean\^ at their ends and drop^^ing a 
weight ujion the centres of the beams. The number of 
blows required to j^roduce a given deformation, or fracture 
is taken as a measure of the imjTact^^ualities of the materials. 

In such tests the materials are tested under conditions 
approximating to those of their use. An American standard, 
specifi(!ation for steel axles is as follows: The axle is sup 2 )orted^ 
upon an anvil weighing 8 tonsf resting upon springs, and the 
centre of the axle supports are 3 feet apart. 

The radius of the supports and of the striking face of the 
^-ton hammer is 5 inches. 


* See Figs. 113 and 114. 


f See pp. 219 and 220. 
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The axle is rotated through 180° after each blow, and the 
following are the specified maximum deflections for different- 
sized axles: 

TABLE XXX. 

Ameiiican Standard Impact Test foji Steel Axles. 


Diameter of axle 
(inchc.s) 


42 

4 


i 

' 

r. .1 

1 

i 

Drop in feet . . 

24 

2(1 

2Si 

:n 

, :u 

4:i 

^4r 

No. of blows . . 


5 



r> 



Maximum d('ll(‘ction 
in inches 

«r| 

S' 

S| 

s 

s 

1 

7 



The fatigue or shock nssisting (pialities of automobile' and 
aircraft metals may be tc'sted in the laboratory by means of 
the repeat('d impact-testing machine's now e)btainable' for 
th it purpose. 


TABLE XXXI. 

Bendinc Impact Test IIesdlts for Automobile Steels. 


Materut]. 


Kail Hte'el . . 

{a) Nickel Htcol (untrealed) 
Case-harelening mild stei'l 
(untrcateHl) 

{h) Nickel hIccI (utitreatoel) 
Case-hardcninc; nickel steel 
(untreated)' 

‘(c) Nickel stei^ (heat- 
* treated) 


Tcn-stic I'cs! Results. 





Ko. of 

Yield 

1 Tensile 

Elongation 
per Cent 

Jdou's to 

Point. 

SfreiK/tli. 

Friirlu'ie. 

'Pons 

Tons 

on 


I nrlies. 

1 nelie.'i. 

\ 2 Inehes. 


t 

t — 


171)0 

af) 

4(e.') 

i 27-5 

2080 

2a 

ai-(i 

; aibd 

1427 

< c 




2() 

ao-o 

a.5-() 

1740 

ao 

as-o 

24-0 

1440 


(i4-0 * 

20-0 

1000 


The results given in Table XXX 1. were obtained with the 
Cambridge bending impact machine described upon p. 222. 
The specimens were circular rods of | inch diameter, and rested 
upon knife-edges placed at 4| inches apart; a tup or hammer 
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weighing 4-71 ])ouri(ls was caused to drop repeatedly upon the 
centre of the s])eciinen beam, from a height of l-oG inches in 
most cases. The specimen was rotated tlirough 180"' in be- 
tween each successive blow, and the blows were continued 
until fra(;ture occurred; the number of blows required to 
frac'ture similar sp(‘cimens is taken as a measure of the relative 
bending impact quality of the materials. The rate of impact- 
loading was about 100 per minute. 

Un-notched and Notched Bar Impact Tests. — Tests upon plain 
un-notehed bars generally agree in showing little ditTerence 
betw('en tlu! energies required to fractuni by ini 2 )act or by 
slow statical tension; moreover, it has been shown that there 
is little ditTerence in impac-t or slow tensional elongations at 
fracture. 

In order to limit the j)lane of fracture of a bar for impact 
tests, and also to prev(‘nt arcai contraction (which does not 
occur in re[)eated or impact stress fractures), the specimen is 
now' invariably notched. Fig. 00 shows two .standard notched 
bar specimens for the cantilever impact test; the.se bars are 
of square section, and are intended for use in pendulum type 
impact machines. The up[)er diagram illu.strates the Rribish 
.standard form, whilst the lower one shows tlu* International 
Aircraft Standard shape of tt‘-.st piece. The fracture occurs 
with a single blow, and th(‘ residual energy in the pendulum is 
measured by the height of the swing after fra(!ture. 

Tension impact tests with Motched specimens are sometinu‘s 
made, but at present there is no reliabre indication as to 
which is the better method; tl\f^; binding impact test is usually 
selected, as it ofTers more convenience in carrying out. The 
residual energy may conveniently be measured by measuring 
rebound heights, the elongation or contractron of springs" 
crushing of standard tubes, a^d similar methods. 

The impact test brings out the shock-resisting quality of 
the material, which is not shown by the ordinary static test?, 
and there is often a marked difference between the two kinds 
of test results; moreover, the type of crystalline fracture 
obtained by the impact test closely resembles that of repeated 
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stress specimens, the cracking occurring across the grains, 
with little or mo elongation. 

The method in question has been comnuTcially employed 
for testing to destruction, in tension impact, full-sized 100-ton 
railway couplings, chains, and l.Linch diameter screw threads. 



p 

Length D t'o sof^ testfn^ mQc/?/r?<2 


Fid. GO.— Htandakd Notched Baus fou Impact Test. 

& 

Table XXXIl. shows the results of the usual Izod im])act 
tests for some typical materials. 

« c 

Hardnecs oi l^letals. 

. The Relative Hardness of a metal is determined by its 
'ability to scratch other metals; thus, one metal is harder than 
another when it will scratch thb other. This test is, however, 
pore accurate for brittle than for ductile materials. 

The relative hardness test instituted by Moh consisted in 
selecting ten different minerals and arranging these in their 
relative orders of scratching, the softest substance having 
the lowest number in the scale of hardness, c c 
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TABLE XXXII. 

]zoi) Impact Test Results.** 

(Standard 10 inilliinotrcs square test piece.) 



Yuld 

Point 

bill mate 
Stress. 

i Elongation 

\ -''fT 

. t \ Izod 

Materidl. 

Tons per 
Nr/aa/e 
Inch 

Tons per 
Square 

1 nch. 

' on 

, 2 Inches 
per Cent. 

tion of 

per Cent.' ] 

^ 1 Pounds. 

Ihiuht drawn mild 

36-0 

37-0 

1 240 

50-2 124) 

steel bar (un- 
treated) 



i 


Nu‘ k('l-elH'ome st('('l 

44-0 

5!) -3 

26-0 

()l-9 : 1)2-1 

l)at f 

Niekel-ehroine cas(>- 


50 

15-0 

50 45-0 

hard(uimi^ i^ear 
steely 





Mickel-cihrome ease- 

65 

85 

10-0 

35 20-0 

hardening gear 
steel 





Nick(’l-elir()me oil- 

105 i 

115 

8-0 

25 6-0 

hardeiu'd gear 

St(M'l 





Niekt'l-elu’ome air- 

t)0-l00 

105-115 

15-10 

35 25 15 10 

haidene<l steel 



' 


IZOl) TeSIS Ul’ON 0*2 INCIJ 

BASES 11 INCH WIDE X 

INCH DEEl’ 


04)5 

INCH V- NOTCH 


Stud steel . . 



314) 

304) 

— 6-0 

Steel troin foiging 

184) -20-5 

33-4 30-3 

, 334) -28-0 

2-5 2-2 

St('el horn forging, 

20*5 

3<)-3 

1 284) 

— 0-7 

oil tempered 

Naval biass 

- 

26-3 30*3 

11)4) -28-0 

— ' 3-7 5-5 

The following 

were the materials and their 

positions in the 

hardness scale of Moh: 


• 



TABJJif 

XXXIIl. 


Moil’s Scale 

OF Hardness. 


Matei led. Order oj 

J lard ness. 

Material* 

Order oj 
Hardnes^. 

Tale . . 1 ^ 

Orthoclase 

6 

Gypsum . . , . . . 2 

Quartz . . 

7 

Galcite , . . . . . 3 

I'opaz 

8 

Fluorspar . . , , 4 

Corundum 

9 • 

Apatite . . . . . . 5 

Diamond 

10 

* Other results are given in the Tables in Chapter VI. 



t Heated to 800® C., quenched in oil and tempered to 635°. 
I Tested on the core. 
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Each of these materials will scratch those of lesser numerical 
value upon the scale, but will not be scratched by them. 

It is a well-known workshop method to test the hardness 
of case-hardened and (juenched steels by endeavouring to 
scratch the surface with a file. 

The Absolute Hardness of a material is difficult to define’ 
but the usually accepted meaning of hardness is the resistance 
to indentation offered by the material. The indenting body 
must, of course, be so hard that it will not be deformed or 
blunted in the process. 

The shape of the indenting surface adopted by various 
experimenters has taken a variety of forms, including flat 
and curved knife-edges (Unwin* and Middlebergf), conical 
points (Calvert, Johnson, and Wade), cylinders placed across 
the surface to be tested (hoppl[), truncated cones (Shore), 
and spherical balls (Brinell). 

There an^ different kinds of hardness with which the en- 
gineer is associated in practice, each depending upon the 
special function of the part in question. For example, certain 
tool steels are noted for their metal-cutting hardness ; other 
steels are extremely tough and possess great tensile, shear, and 
compressive strength, and the hardness in this case might 
bo termed high-stress hardness. 

Again, certain materials, such as cast iron and case-hardened 
alloy steels, possess hardness as a wear-resisting property; 
other instances of different types of hardnesses also occur. 
The hardness of a material depends upon its chemical com- 
position, its mechanical and ^physical treatments. Thus, 
steels, aluminium, and copper alloys vary widely in hardness 
according to their chemical composition, indicated in Tables 
^XXIX. and XL. ; moreover, the hardness of a material is 
roughly proportional to its ultimate tensile strength, which, 
again depends upon its composition and heat treatment. 

' A material may be hardened by mechanical treatment only ; 

♦ Vide “ The Testing of Materials,” p. 49, by C. Unwin. 

I Engineering, 1856, vol. li., p. 481. 

I Ann. Phgjs. Chern., 63, i., p, 103. 
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thus, the result of subjecting fluid steel to very high pressure, 
or of forging, rolling, stamping, and pressing, is to harden the 
material. 

TABLE XXXIV. 

Influence of Carbon Content in Steel upon Hardness 
(Shore Scale).* 


Per cent (uje of Carbon. 

Hardness 

Petcentarje of Carbon. 

Ilardnes 

0 . . . 

10 

0-25 

58 

0-05 

24 

0-30 

70 

O-IO 

35 

0-35 

82 

0-1.5 

. ' 43 

0-40 

00 

0-20 

51 

0*45 

100 


Xotc -lOach of tho above stoclH was heated to from 1500'^ to 1(500° V. 
and (pKMiched before its liardnoss was measured. 

Perha]is the greatest influence uj)on the hardness of a 
material is that duo to heat treatment. There are two kinds 
of heat treatment in question — najnely, one in which the 
temperature of the metal is changed from atmospheric to the 
melting-point, when the hardness progressively diminishes, and 
the other in which the material is luxated and allowed to cool 
slowly or suddenly. 

Thus, when a high carbon steel, as rolled during manu- 
facture, is heated to a bright red heat — -that is, to about 
900'’ C. — and allowed to cool very slowly in ashes or sand, it 
becomes annealed, and its hardness is less than in the rolled 
state. Again, if it is heated to a brig'it red heat and suddenly 
qiuuu'hed in oil or water, it becomes glass-hard and brittle; 
if, however, it is slowly heated to, say, 200° C. and quenched 
again, -j- it will lose part of its Imrdness, and will be able to cut 
other annealed metals, but will not be so brittle. Jf it is 
heated to 300° C. — i.e., a blue temper — and quenched, it 
will be still less hard — namely, of about the hardhess of a spring 
or saw blade — but more ductile, and so on, until reheating 
to a temperature of about 500° C. and quenching will render 
the material nearly as soft as in the rolled state. 

Many materials, such as hardened cast steel, whilst being 

t This process is known as “ tempering.” 

10 


See p, 1.53. 
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extremely hard, are also brittle, whereas other materials, 
such as oil-hardened and tempered chrome-vanadium steel, 
are not only hard, but tough; each has its own special appli- 
cation, however. 

Methods of Testing Hardness. 

There are three principal methods at present in use for 
testing materials for hardness, which may be enumerated 
as follows — viz. : 

1. The method in which an indenting tool of special shape 
is pressed with a given pressure into the surface to be tested, 
as in the I^rinell and Unwin methods. 

The depth of the indentation is taken as a iruiasure of the 
hardness. 

2. The “relative impression” method, whi(;h is really a 
modification of (1), in which an indenting tool, usually a steel 
ball, is placed betweem the surface to be tested and a surface 
of standard hardness. A blow of any suitable intensity is 
given to the standard hardness material holder with a hammer 
or falling weight, or the two surfaces are pressed together 
with any convenient means, as in a vice. The relative inden- 
tations of the surfaces indicate their relative hardnesses. This 
is the principle of the Brinell meter* and the Morin apparatus. 

3. 3'he rebound method, in which a diamond-tipped hammer 
of knowm weight is droj^ped from a given height on to the 
surface, and the height of the rebound is measured ; this 
height is taken as a measure of the hardness, as in the Shore 
schleroscope. 

Unwin’s Method, f ^ 

In this method a straight square-sectioned bar is used for 
the indenting tool, placed diagonally to the surface, as shown 
in Fig. 61. The indentation depths for different pressures 
can be read off upon a verniei^ scale provided. The apparatus 
^ is designed to be placed between the compression plates of 
a testing machine. 

Duo to F. H, Schoenfuss. 

t Vide “ Testing of Materials of Construction,” p. 49. Unwin. 
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It has been found that there is a definite relation between 
the load and the depth of indentation, which may be expressed 
in the following manner — viz. : 

= c • iy 

where p is the pressure j)er inch width of the knife-edge 
(in tons), i the depth of indentation in inches, and c and n are 
constants for the material. The relative values of c are taken 
as the relative hardnesses. 



njl 

I ,1 




-M 


Unw/n 

Fiii. 01 



Bnne// 


It will be seen from the following values that the valu(‘ of n 
is very nearly constant, and may be takcai as Ixhng (xpial to 
1*20, so that the hardness relation becomes 




/>' • 


TABLE XXXV. 


Values of Hardness C( 


MateruU. 


Cast stool hardoiiod ui od . . . . | 

Cast stool, aimcalod (moan) . . ! 
Cast stool, normal . . . . 

Mild stool, liardoned* 

Mild stool, annoalod 
Mild stool, normal . . 

Brass (moan) 

Copper, nnannoalod 
Copper, annealed . . . . . . j 

Aluminium alloy .. .. f. ! 

Aluminium, pure (squirted) . . j 
Zino, cast . . . . . . . . j 

Load, cast . . . . . . . . j 


.’ANTS (Unwin’s 

; Method). 

Value of llaidncss Valuer. 

, 

sb()-o 

— 

523-0 

M7 

554-0 

^ 

lS()-7 



• 141-9 

1-20 

143-5 

1-15(0) 

233-5 

1-20 ’ 

105-2 

MS 

02 0 

i-2:i 

103-5 

1-19 

41-8 

M4 

40-8 ^ 

1-23 

4-2 


]^ole. — Eor calculating the valuo.s of c, n was taken as 1-2 in the above table. 
* Hardened by quenching in water. 
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The loqds per inch width of knife-edge in Unwin’s test 
varied from about 18 tons down to a fraction of a ton in the 
case of lead. It will be seen that the above scale of hardness 
is a very wide one, so that small hardness dilfcrences are 
detectable. 

The Brinell Hardness Method. 

It has been found that the knife-edge form of indenting 
tool loses its sharpness after a time, so that inconsistent 
results varying up to 0 or 8 per cent, are possible. For this 
reason Brinell* employed a very hard spherical ball, which 
was forced into the surface of the material to be tested, with 
a known pressure. The area of the surface of the impression, 
which is proportional to the depth of the impression for a given 
size of ball, is taken as the hardness measuref (see Fig. (11). 

The Brinell method is widely employed in aircraft and 
automobile (‘iigineering works, and the hardnesses of most 
English metals are expressed in this system. 

The standard Brinell ball measures 10 millimetres (0*3937 
inch) diameter, and when used upon iron and steel the im- 
pressing force is 3000 kilogrammes (0014 pounds), whilst 
for the non-ferrous or softer metals the force is 500 kilogrammes 
(1102 pounds). The diameter D of the impression formed 
is measured with a microscope to within 0*05 millimetre, 
and the area of the s])herical concavity is calculated from the 
diameter D as follows: * 

Area of curved surface of impression^ 2tt - r ' h. 
where /i-^dej^th of impression, radius of ball. 

A = 27rr - \/ 

« 

If D and r are in millimetres, then th^ Brinell Hardness Number 
is expressed in the following manner: 

♦''Invented by J. A. Brinell (in 1900), engineer of the Swedish Fagorsta 
ron and Steel Works. 

I A description of a modern Brinell testing machine will be found upon 
p 235 
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27rr r 


„ , Pressure in kilogrammes (P^ P 

Brincll number-- . ^ . . = * 

Area of imj)ression A 

P 

kilogrammes per square millimetre. 

Tables are given, similar to Table XXXVT., with Rrinell 
instruuK'nts, in which the Brinell number is given for the 
various values of T), the diajn(4(a* of th(‘ im])ression, for 
the standard diameter and ])ressures of 10 millimetres, 3000 
and 500 kilogram nu‘s n^speetivedy. 

Tt h as be(‘n found* that with higher pr(‘ssur('s or smaller , 
balls than the respective standards, the hardness numbers 
obtained by the givcm imThod are higher, the hardness obtained 
being directly proportional to the pressure and to the fifth 
root of the ball diameter; thus: 


Hardness 


v’/ 


I). 


Thus, if a ball of one-half of th(‘ diameter (1 the standard 
10 millimetre size beemployc'd, the equivah'iit Brinell hardness 
number can be found by dividing the hardness found by 
S/5- 1-38. 

Tables XXXVll. and XXXVflf. show the Brinell hard- 
nesses of difTca’ciit imTals. 


Relation between Brinell Numeral and Tensile Strength, 

It has beem found that thiTe is a definite relation between 
the Brinell hardness number and the elatstic limit or ultimate 
tensile strength of a material; the latter value may be 
obtained from the former *by multiplying ,by a eoefficient. 
For hardness numbers above 175 the following are the 
relations : ^ 

Tensile strength in kilogrammes per square millimetre = 
Brinell No. X c, 

where c = 0-324 for impressions made in the direction of rollifig. 
and c = 0-344 for impressions made transversely to the direc- 
tion of rolling. 


From tests made by Brincll and Benedick. 
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TABLE XXXVI. — Brinell’s Hardness Numbers . 
(Diameter of Steel Ball =10 millimetres.) 


Diameter 
oj Ball 

J mpreHsion 
in 

Millimetres. 

Jlnrdnes.H Number 
for a Load of — 

Diameter 
of Ball 

I m pi ession 
in 

Millimetres. 

Hardness Number 
for a Load of — 

500 k(js. 

3000 hjs. 

.500 bjs. 

3000 hjs. 

2-00 

158 0 

040 

4-50 

29 '7 

179-0 

2-05 

1.70-0 

808 

4'.55 

29*1 

174-0 

210 

1430 

857 

4-00 

28*4 

170-0 

2-15 

13()0 

817 

4-05 

27'8 

100-0 

2'20 

130-0 

782 

4-70 

27-2 

i (;3 -o 

2 25 

f 124-0 

744 

4-75 

20-5 

1.50*0 

2;}0 

1 JOO 

713 

4-80 

25-0 

1 50-0 

2 ; i 5 

J 14 0 

083 

4-85 

25-4 

1.53-0 

2 *10 

100-0 

052 

4-00 

24-9 

140-0 

2-45 

105-0 

027 

4-05 

24-4 

140-0 

2-50 

100-0 

000 

5-00 

23-8 

143-0 

2-55 

00-0 

578 

5-05 

23-3 

]4()-0 

2 (30 

03-0 

555 

5-10 

22-8 

137*0 

2 -(is 

80 0 

532 

.5-15 

22-3 

134-0 

2-70 

80-0 

512 

5-20 

21-8 

131-0 

2-75 

83-0 

405 

5-25 

21-5 

128-0 

2*80 

80-0 

477 

5-.30 

21-0 

120-0 

2-85 

ll-v 

400 

.5-35 

20-0 

124-0 

2 -no 

74-0 

444 

5-40 

20 '1 

121'0 

2 05 

73-0 

430 

5'45 

19-7 

118-0 

3*00 

70'0 

418 

5-50 

19'3 

110-0 

3 '05 

07-0 

402 

5 .55 

19-0 

114-0 

3-10 

05-0 

387 

5 00 

18-0 

112-0 

3'] 5 

03-0 

375 

.5-05 1 

18-2 

109-0 

3 '20 j 

01-0 

301 

5-70 

17-8 

107-0 

3-25 1 

50-0 

351 

5'75 

17'.5 

105-0 

3-30 

57-0 

340 

5-80 

17-2 

103-0 

3-35 

55*0 

332 

5*85 

10*0 

101-0 

3.40 

54-0 

.321 

,5-00 

10-0 

90-0 

3*45 

52-0 

311 

5-95 

10-2 

07-0 

3-50 

50-0 

302 

0-00 

15-9 

05-0 

3 '55 

40-0 

203 


15-0 

04-0 

3-()0 

48-0 

280 

0-10 

1.5-3 

02-0 

3 •05 

40-0 

• 207 

0-15 

. 15-1 

00-0 

3-70 

45-0 

200 

0-20 

i 14-8 

89-0 

3-75 

44-0 

202 

0-25 

14-5 

87-0 

3 80 

43-0 1 

255 

0-30 

14-3 

8(5-0 

3 '85 

' 41 0 

248 

0-35 

14-0 

84-0 

3 '00 

40 0 

241 

0-40 

13-8 

82-0 

3-95 

30 '0 

235 

0-45 

13-5 

81-0 

(,400 

38-0* 

228 

0-50 

13-3 

80-0 

4( h 5 

37-0 

223 

0-55 

13-1 

79-0 

4-10 

30-0 

217 

C -60 

12-8 

77-0 

4'15 

35 0 

212 

6*05 

12-0 

700 

^■20 

34-5 

207 

6 70 

12-4 

74-0 

^•25 

33 0 

202 

0-75 

12-2 

730 

4-30 

32-0 

196 

6-80 

11-9 

71-5 

4-35 

32-0 

192 

6-85 

11'7 

70 0 

4-40 

31-2 

187 

0-90 

n-a 

69-0 

4 45 

30 '4 

183 

6-95 

11-3 

68-0 


For other test loads the hardness numbers are proportional to those in 
the table. 
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TABLE XXXVIL 

Hardnesses of E.S.O. Automobile Steels.* 


E.S.G. 

No. 

of Sled. 

Yidd 

Ratio. 

Teti.Hile 

Streivjth. 

Tons 

Square 

1 nch. 

Elonqa- 

tlOll 

per 

Gent. 

Red ac- 
tion of 
Aiea pel 
Gent. 

Bnndl] 
Hard- 
ness No. 



Mini- 







mum. 





- 10 ” 

Carbon case- harden - 

50 

23 28 

30 

50 

1)2-112 


mo 






“ 1.6” 

Carbon case-harden- 

.60 

25 33 

28 

50 

103-143 


mo 






2 p(“r 

2 ])or cent, nickel 

5.6 

2.6 35 

30 

.6.6 

103-153 

cent. Ni 

casc-hardcnin" 






.6 per 

5 per cent, nickel 

00 

25 40 

30 

55 

103-170 

cent. Ni. 

case-hardening 






“20” 

0-15-0-25 carbon .. 

50 

20 34 

28 

.60 

10.5-140 

“ 35” 

0-30 -0-40 carbon . . 

.50 

30 40 

25 

15 

121-170 

3 ])er 

3 jier cent, nickel .. 

55 

35 -45 

24 

45 

140-202 

cent. Ni. 






H per 

H })or cent. nick<‘l 

70 

45 (mm ) 

15 

50 

170 

cent. 
Ni. Cr. 

chrome 






3 per 

3 per cent, nickel 

75 

4.6 (min.) 

15 

.60 

170 

cent. 

Ni Cr. 

chi 0111(5 






A H. 

Air-hardening me kcl 

75 

I0(i 

5 

13 

418 

Ni Cr. 

chrome in air- 
hardened state 


(nun ) 





For materials having a hardness number below 175 — 

0-354 for the dirc^ction of rolling, 
and c -^0-304 for the dhectioii transverse to that of rolling. 

Th(‘ values of the four constants in tjie above relation are 
given below for tensile strengths when expressed in pounds 
[)er sc^uare inch. 

For hardness numbers above 175 — 

= 460-82 in the rolling directh^n. 
cl rr: 489-27 across the rolling direction. 

* Most of the steels referred to are in the normalizeif condition. For full 
particulars of their chemical compositions and treatment, see Chapter VI. 

t The Brinell hardness number should correspond to a 3000-kiloKrammo 
pressure maintained upon a clean surface with a 10-millimetrc ball for not 
loss than 16 seconds. 
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‘ TABLE XXXVIII. 

Brinell Hartjnesses of Different Metals and Alloys. 


Material. 


Ix'ad, cast 
Babbitt motal 

Tin 

Zinc, sheet 
Copper, sheet . . 

Silv(ir . . 

Cold, 14-24 /^arat 
Wrou^dit iron 
Bronze, pho.sphor, sand-cast 
Mild steel 

Duralumin ])latc, medium . . 
Brass, medium-drawn 
Bronze, phosphor, chilled . 
Cast iron, grey, sand-cast . . 
Brass, hard-drawn . . 

Bronze, manganese, drawn . . 
Nickel steel . . 

Duralumin ])lato, hard 
High-speed steel 
Vanadium steel 
Nickel-chrome stool . . 

Tool steel, annealed . . 

Cast iron, grey, chilled 
Nickel steel, hardened 
High-speed steel, hardened . . 
Tool steid, tempered at 600° F. 
Nickel-chrome, air-hardened 


Brtncll Number. 


. . : 4-8 

.. I 10 2.5 (cast) 

.. i 15 25 (annealed or cast) 

. . ' 25-40 

:io-60 

40-70 

.50-140 (annealed) 

70-85 

80-<)5 

80-105 (as drawn or i oiled) 
00-120 
100-1.50 
100-180 
115-200 
120-170 
120-220 

130-1()0 (annealed) 

140-160 

150-260 

1.50-:itK) (annealed) 

1 7.5-, 300 

. i 200-275 
.. I 23(‘-400 
300 -()00 
. , I 450 -700 

. . ! ,5.50-700 (glass liard at 625) 
.. ! 600-700 


For hardness numbers below 175 — 

= 503-49 in the rolling direction. 
ci=--514-8t across the rolling direction. 

The relation between the l ardiiess numeral and the tensile 

i 

strength ie given in Table XL. 


The Relative Impression Method. 

This method is a convenient modification of the Brinell one, 
in which no special apparatus is required, and which can be 
applied to almost any object in situ. Fig. 62 illustrates a 
typical application of the principle in the case of the Brinell 
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meter.* In the diagram X denotes the surface to l5o tested 
B the standard 10 millimetre Brinell ball, and S a standard 
bar of predetermined or known hardness. I fie holder II is 
given a blow with a hammer, or is pressed on to the surface 



I), and tlu' relative diameters of the impressions made in the 
surface's B and A" are projiortional to tludr respe'ctive hardnesses. 

Standard bars of square section 6 ineluvs long are supplied, 
and s])are bars ai’c easily procurable with this device. 

A number of different tests (‘an be niad(‘ iqion each bar. 


The Shore Schleroscope Method. 

Th(‘ hardness is determined in this method by the height 
of rebound of a diamond-jiointed hammer droppeal from a 
given height. The hardn(‘ss number is ])roportional to the 
height of rc'bound of th(‘ hammer, and tlu^ scale of hardnessf 
is so (‘hosen that tlu‘ average hardness of martensitic high 
carbon steel (quenc-hed) is represented by iOO; th(‘ instrument 
is, however, graduatcxl to 140 from zero. The small cylin- 
drical hammer (measuring ] inch dianu^ter by J inch long, and 
weighing oz.) falls in a cylindrical graduated glass tube, the 
height of fall be'ing 10 inches. The shape o^ the diamonc^ 
“point” is slightly spherical^ and blunt, and is about 0020 
inch in diameter. The intensity of the force produced by the 
Weight and height of fall of this hammer is equivalent tb 
about 500,000 pounds per square inch, and since the energy 

* F. H. Schoonfuss, Standard Roller Bearing Company, U.S.A, 

t See Table XXXIX. 
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of fall is always the same, the hardnesses are simply propor- 
tional to the rebounds for different materials. Thus, for a 
material, such as steel, of 80 per cent, hardness 20 per cent. 



of the hammer-fall energy is used up in penetrating the 
material, whereas in the case of lead, of hardness 5, 95 per 
cent, of the energy is used up in penetrating the material. 
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Fig. 63 illustrates the Shore schler^ scope in sidb view, 
showing the automatic pneumatic release worked by the 
bulb A. The hammer is drawn or sucked up the glass tube 
by squeezing and then releasing the bulb A. To reh'ase the 
hammer for a test, the b\db is now again squeezed. 

In using this apparatus great care should be taken in cor- 
rectly levelling the vertical glass tube, otherwise ineorrt'ct 
results will be obtained. It is also im])ortant to provide 
rigid supports for the test surfac(‘, or to mount this solid 
with the apparatus. 

in the sehleroscope method it has been found that the' shape? 
and mass of the s])ec*imen infiuenee? the riisults. Thus a thin 
flat plate will bo apt to deflect and to vibrato unless it is 
rigidly fixed to a slab underneath. !n all eases the objects 
to b(? tested must be rigidly attached to a bed or base [)late. 

The following table gives the Shore scale values of difl’erent 
materials : 

TABLE XXX IX. 

Hardness Valors or Metals on Suore S('ai.e. 


Name of Meial. 

.4 nneaU’d 

0) (Jasl 

Cold 

\Vo>li‘d. 

Chdlcd. 


2 4 

3 7 


(Jold, 24 -14 carat 

0 2r, 

24 70 

-- 

Silver 

(0-14 

20 37 

— 

V”I>1>LT 

(i -S 

14 40 

-- 


8- 10 

18-20 

- 

Babbitt metal , . 

4-0 


— 

Tm 

8 0 

42-14 

— 

BiHiniith . , 

8-0 

— 


}ira88 

, 7 3.5 

20 45 

— 

Platinum 

10-15 

17-3(1 

— 

Bronze, phosplior . . . . 

12-21 

25-40 

• — 

Bronze, man^ancHo 

1(5-21 

25 40 

— 

Iron, wrought, pure 

1(5-18 

2.5-30 

— 

Nickel, wrought . . . . 

17-10 

35--10* 1 

— 

Mild steel, 0-()5--0-ir) carbon . . 

18-25 

30-40 

— 

Iron, grey, sand-cast , . 

•25-45 

— 

— 

Iron, grey, chilled 

— 

— 

50-00 

Steel, tool, 1 per cent, carbon . . 

30-35 

40-50 

90-110 

Steel, tool, 1*()5 per cent, carbon 

38-45 

— 

90-110 

Steel, vanadium . . . , 

30-50 

40-60 

50-110 

Steel, chrome-nickel 

35-50 

40-60 

60-105 

Steel, nickel 

25-30 

35 45 

.50-90 

Stool, high-speed 

30-45 

40-60 

70-105 





- _ - 

— 
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Shore Hardnesses of Automobile Materials and Parts. 

As the result of numerous experiments to partial and com- 
plete destruction upon actual automobile parts, the following 
hardness standards are recommended:* 


TABLE XLI. 


Part of A utoniohile. 


ScJderoscope Hardness Standard. 


Chassis frf\mo8 . . 
Axles 


f (a) Plain carbon steel, 35-40 
y\l)) Nickel-chrome steel, 40-45 
Nicl«4-chromc {0*35 per cent, carbon), 
40-45 


Springs . . 
Crank-shafts 

Transmission shaft 
Transmission gears 


Pump shaft 
Cudgeon pins . . 

Valve cams 
Cam shafts 
Valves .. 

Clutedi shaft gear 
Valve tappets . . 

Ball-bearing and thrust rings 
Ball cones 
Keys (hardened) 

(Screws and bolts 
Steering arms . . 

Steering worms 


/ (a) Vanadium steel, 05-S0 
\ {h j Plain carbon steel, 00-75 
Nickel-chrome steel (0*35 ])cr cent, car- 
bon), heat-treated, 45-55 
Nickcl-chrome or vanadium steel, 50- 55 
Nickel-chrome ^31 percent, nickel), case- 
hardened, 80-85 

[The hardiK'SS varies from 00-00, depend- 
ing upon the grade of steel, and is 
governed by its resistance not only to 
shock and brittleness, but by its wear- 
ing quality.] 

78-80 

Case-hardened cold-drawn steel tubing, 
05-100 
85 

80-00 

50-00 

70-80 

00-100 

85-00 

70-80 

75-80 

40-5b 

00 

70-80 


Relatien between Shore and Brinell Scales. 

There is no direct relation between the hardness numbers 
' upon the two scales, since the jirinciples involved are different, 
but the hardness upon the Briaell scale can be found from the 
Shore hardness value by multiplying by a coefficient depend- 
ing upon the actual hardness of the material; thus, for the 
hardest steel this coefficient is about and progressively 
falls in value down to 2-0 for soft metals like lead. 

* The Shore Instrument Company. 
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TABLE XLTI. 

Coefficients for Multiplying Shore Values to obtain 
Brinell Numbers. 


Material. 

Coefficie7it. 

Tool steel hardened and temporod at (>00° J<\ 

(vO 

Drdl rod, untreated 

()-:i 

Brass, tnodiiiTn hard, drawn 

5*0 

Tool steel, carbon, annealed . . . . . . . . 

5-5 

Mild steel, hot rolled 

. r>-2r> 

Brass, drawn, annealed 

b-O 

Cast iron 

4*0 

Mild steel, cold rolled 

4-(; 

Tin-lead alloy 

2-0 



CHAPTER HI 

TESTING MACfflNES AND METHODS 
Testing Machines. 

Fo : testing given specimens in one particular manner of 
loading, it is usually a fairly simple matter to design a machine 
for the purpose,* but when it is required to test various shapes 
and sizes of specimen under different types of loadi?ig, the 
testing machine becomes more complex in construction. It 
is now usual to employ testing machines which are equally 
adaptable for tests in tension, compression, shear, and bending; 
in some cases the machines are provided with the ineans for 
making torsion tests. The usual sizes of such testing machines 
are the 5, 10, 15, 30, 50, 100, 200, and 250 ton types, althougli 
other sizes are occasionally made; the Emery machine used 
at the Watertown Arsenal had a 450- ton load ca])acity, whilst 
the Olsen compression and column testing machine, which is 
probably the largest in the world, is of about 4500 tons 
capacity. 

In most modern testing machines the principle is adoj^jted 
of applying the load^to the specimen by means of hydraulic 
pressure acting upon a ram coupled, through suitable means, 
to one end of the specimen, and to measure the apj)lied load 
at the otlfbr end of the specimen by means of a sliding weight 
acting through a series of multiplying levers. The hydraulic- 
ram not only applies the load, but it also takes up the stretch 
of the specimen, independently of'^the type of stress produced, 
an(l the lever system is simply kept floating as the load is 
applied by means of the sliding weight; the lever system may 
be conveniently regarded as a weighing machine. 


The machine shown in Fig. 102, p. 209, is an cxamiilc. 

160 
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In earlier typos of machine one end of the specimen was 
fixed to a rigid support through suitable shecicles, whilst the 
load was applied by an hydraulic ram, and the total load was 
calculated from the ram area and hydraulic pressure, making 
an allowance for the cup-leather friction.* This method 
possessed an advantage in the absence of knife-edges and 
IcvM^rs, but some doubt always existed in tlie matter of the 
total load calculation. 

In smaller sizes of testing macliines the load is applied by 
means of a screwf and hand wheel; in otln^r small machines, 
such as those employed for wir(i-t(\sting, springs are usolI for 
applying the load, whilst in testing machines for yarns, 
belting, fabric, cement, and similar purposes, dead weight 
is applied through a levcn* system, tn tlie lattc^r casej the 
load is gent'rally applied at a stipulated rate, and a hopper 
containing sand or lead shot is employed to run its contents 
at the given rate into the weight pan of the testing machine; 
automatic means are sometimes , 'provided for stopping the 
loading immediately breakage occurs. 

Another type of machine, known as the mcmonittric tijpe^ 
arrang(‘s for one end of tlu^ specimen to act u])on the diaphragm 
of an hydraulic pressure gauge, and the load is applied by means 
of a f?i[)ring or screw gearing; in this method the loads can be 
v(,Ty conveniently redd off the prci^surc gauge, suitahl \ engraved. 

Testing machines may be divdded into two type., known as 
the vertical and horizontal types respectively, according to 
wlndher the specimen is vertical or horizontal. 

The vertical machine is the one usually preferred, as the 
weiglit of the shackle can be balanced, where^as in horizontal 
machines (which are chiefly used for long specim*ens) the 
weight of the shackles and other members cc^nnected to the 
specimen acts at right angles to the load, and it is not an 
easy or certain matter to couliterbalance same. 

* Tlio friction • D • p, where l)==ram diameter in inches, p^pressiiffe 

111 pounds per square inch, and A:=a constant varying from 0-03 to 0-06. 

t The same method has also been adopted in the case of one or two very 
largo machines, such as the Buckton and Riehle machines. 

X A fa brie -testing machine is shown in Fig. 119. 

I. • U 
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Requirements of Testing Machines. 

These may he very briefly enumerated, as follows — namely : 

1. The machine should be easily adaptable for different 
modes of stixvssing and for varying sizes of specimens, within 
limits. 

2. It should be sensitive — that is to say, it should be capable 
of indicating small stress differences. The sensitiveness 
d(^pends upon the lever magnification, and upon the hard- 
ness and shape of the knife-edges; the radius of the knife- 
edge should be small and straight, and the load per lineal 
inch should not e.xceed 5 tons. 

3. It should be accurate in recording loads or stresses, and 
its accuracy should be capable of being readily and easily 
checked by a simple means of calibration. 

4. It must be capable of being easily manipidated by the 
person making tlie test, and should be free from vibration or 
jerks. 

5. Convenient gri})s must be provided for the differeJit 
specimens. 

0. Autographic stress-strain recording apparatus of a 
reliable kind should be provided. 

The Single-Lever Vertical Testing Machine. 

Fig. 64 shows a j)hotographic illustration of a 30- ton 
vertical type testing machine' desi^Jned by Mr. W. H. Wicksteed 
and made by Messrs. Buckton of Leeds. In this machine the 
load is applied by means of a square-threaded screw, seen jiear 
the base of tho machine, and the screw is operated by means 
of the belt-driven pulley acting through suitable gearing, 
^he stops for the beam, A, are shown at >SS, near the travelling 
jockey weight w. 

The weight w is moved along the beam A by means of 
a square-threaded screw (not shown in i3hotograph) and nut, 
operated by the handle in the centre, the shaft T, and a pair 
of chain wheels shown at the extreme left of the illustration. 
In this machine the specimen E is attached at its upper end 
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to tho cross-head J, connected to the beam, and at its lower 
end to tho cross-head L, which is rigidly attaclied to the 
actuating screw near the base. 






Tho 100-ton type of machine shown in Fig. 65 is the same 
in principle as the one described in the preceding paragraph, 
but the load is applied hydraulically by means of a valve 
actuated by the handle shown upon the top of the small 
column in the centre of the photograph, The jockey weight 
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is moved along the single beam by means of the horizontal 
handle shown, as before, and the indicator lever near the 
horizontal wheel, just under the beam, to the right of the 
vertical column, shows the operator when the load upon the 
specimen, applied by the ram, is balanced by tin? weighing 
beam. The beam itself is provided with an adjustable scale 
graduated in tons and fractions of a ton, and the 30-cwt. jockey 
weight has a vernier scale attached (shown in the illustration) 
for reading the loads off din^ct to onevhundredth of a ton 
(i.e,., 22-4 pounds). 

This machine is capable of taking tension and compression 
test pieces up to 30 inches in length and bc'ams of 72 inclios 
span for transverse bending tests; it can also be employ(Hl for 
making single shear tests upon specimens witli areas u]) to 
4 s(|uare inches, and torsion tests with moments u[) to 
100.000 pounds-inches. 

The beam stops are provided with spring bulTers to reduce 
the shock upon same at the breaking-point of specimens. 
It is usual to su])ply a weighted lever, pivot(Ml at its centre, 
to force the ram up after a test, as the cup-leatluu’ and gland 
friction oppose this movement. 

Both of the two machines previously described are provided 
with a single pivoted beam or lever, and ])ossess only two 
knife-edge systc'ins, so that friction is reduced to a minimum. 
Fig. ()() shows diagram matically the principle of this typo 
of testing machine. 

The beam knife-edge and the shackle knife-edge arc shown at 
B and C respectively, V being the massivi^ cast-iron vertical 
column sup 2 )orting the weight of the beaux The jockey 
weight IV is movable along the scale Q, and the beam A is always 
kept as nearly balanced as possible between the stops 
(which are usually provided with spring buffers) by moving 
the weight w along the beam towards the stops S as the load 
is applied. The manner in which the specimen E is grippevi 
for a tension test is clearly shown; it will be observed that the 
hydraulic ram F acts vertically downwards, and thereby 
applies a load in the same direction, through the rods G and 
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cross-head L, to the lower end of the specimen. Trunnions 
or pivots are provided at each end of the specimen grips. 

The force F upon the specimen, as shown in Fig. 66, is 
given by the relation* 

^ W' y 

F= 

X 

where weight of jockey, x is the distance shown in Fig. (U), 
«and y the distance of the weight w from B. 

The inset diagram in Fig. 66 illustrates the principle of the 
method of making compression tests in this ty})e of machine. 



Fig. 67 illustrates the method ^f making transverse bending 
tests; instead 'of knife-edges for supports, scmi-c*ylindrical 
rollers are often provided to take up the same direction of 
slope as the bCam at its ends. Deflections can be measured 
by the same means as in the (^asc of wooden beams. f 

It is assumed that the knife-ed^c friction is negligible; otherwise the 
relation becomes w, where A* is a constant, and • w represents 

the frictional moment about B. 

t See Vol. II. of this work, Chapter VI.j “ The Testing of Timber.” 




TESTING MACHINES AND METHODS 


167 


Calibration of Vertical Testing Machines. 

Tho two quantities which it is necessary t(' check in this 
type of machine are — [a) The distance between the knife- 
edges, and (6) the value of the jockey weight. 

If (6) is determined first, then [a) can bo easily checked. 
The weight of tlu^ joekey may be found by first balancing the 
beam, with no s])ecimen in the beam shackles, and then by 
hanging a known w(‘ight 7n upon the beam shackle; the jockey 
weight has then to be moved along through a distance d 
to again balance the beam. Tf^^^— the jockey weight and x 
the knife-edge distane(‘, 

7H • X 

d ■ 


A better method, which is independent of the knife-edge 
distance, is to first balance the b(^am, then hang a known 
weight W at a distance D from the beam fulcrum B (t^ig. (>6). 
The joekey weight must then be moved along through a 
distance ' d to balance again. 

mi 

Iheii w— j . 


Having found w, the distance x between the knife-edges may 
be found by tho previous method, or by restoring balam^e by 
adding a l^nown weight W to tho beam at a distance D from 
the knife-edge B (Fig. 66). 


Then 


W - D 


x~ 


711 


The second method is independent of thewalue of the jockey 
weight. 

® • 


Horizontal Testing Machines. 

This type of machine enables tests to be* more readily 
observed, long(5r specimens to^be employed, and in many cases 
is more convenient for the larger sizes of testing machine. 

The Werder type of testing machine, which is showTi 
diagrammatically in Fig. 68, is widely used on the Continent. 

* This typo of machine was employed by Bauschmger in his classical 
researches. 
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It consists of a raili connected to the fulcrum of a bell- 
crank lever in such a manner that the ram and lever move 
out at the same rate as the specimen stretches during a test. 
The lever is provided with a travelling jockey weight, and 
at its longer end is limited in movement by means of stops. 



(Fio. 67. — Testing Machine Tran.sveuse Bending Arhangeaient. 


One end of the specimen is attached to a shackle fixed to 
the frame of the machine, whilst the other end is coujdcd, 
through a similar shackle, to the smaller arm of the bell- 
crank lever. In this manner it is an easy and at the same time 
an economical matter to provide for very long specimens 



Rio. 68. — Illustrating the Principle of the Werder Testing Machine. 


c 

by moving the simple “fixed-end” supports along guides. 
Irf the 100-ton type Werder machine specimens up to 30 feet 
in length can be tested in tension or compression. 

In the actual machine, instead of the bearings shown in the 
diagrammatic illustration, knife-edges are provi^ded for the 
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bell-crank lever. A high ratio of leverage (500 : 1^ enables 
small weights to be employed upon the balance arm. 

Torsion and transverse tests can also be made upon this 
type of machine. 


Compound Lever Machines — Greenwood and Batley Hori- 
zontal Type. 

This machine is shown diagrammatically in Fig. ()0, whilst 
Fig. 70 is a photographic reproduction of a 50-ton type working 
on the same principle. 

Referring to I5g. 60, it will be seen that one end of the speci- 
men is attached, through siiitabh^ shac^kles, to the hydraulic 
ram t/, whilst the other end is connected to the smaller arm F 


E 



\v 

Kie. 01). 


£1 



of a bell -crank lever D, at the knife-edge F, E being the fixed 
knife-edge or fulcrum, l^lu' longer arm of the lever D is in 
contact with the knife-edge C of a b(‘am or weighing lever .4, 
pivoted at B. 

In this way the force, sui^plied by jiuvans of the ram upon 
the specimen, is reduced by the lever system [D and /I) to a 
small value on the w(‘ighing arm, and is there readily balanced 
by means of travelling joekey weight IF, actuated by means 
of a long screw, as in other ty])es. • 

The leverage reduction at IF is usually 1 to 100. 

In the 50-ton type of machine shown illustrated in Fig. 70, 
specimens may be tested in tension, compression, bending, and 
shear by suitable adapters ; tension specimens up to 6 feet in 
length may be employed. A cross-head is provided at the ram 
end, through which four horizontal screws pass which are geared 
together at their outer ends by means of spur wheels; these 
screws work in nuts provided in the movable cross-head. In 
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this manner the movable cross-head can be brought* into any 
position along the bed to suit the length of specimen. The 
lev(Tage of the weighing system is 112 to 1 in this case; the 
travelling weight is of the pendant type, and the weight can be 
varied in steps up to 1000 pounds. 

Other types of testing machine are made by the same firm, 
in whi(di the wc'ighing arm is arranged over the ram and 
s])ecimen, thus making a more compact arrangement, as 
shown in Fig. 78. In most types of horizontal machine the 
cross-head is arranged to move upon rollers or runners, in 
order to reduce friction upon the ram glands, and to take the • 
weight from off the specimen. 

The Riehle Testing Machine. 

This machine,* which is illustrated in Fig 71, is of the 
compound lever type, the load being ap])lied to the specimen 
by means of two large vertical screws S. The cross-head C 
is arranged to work downwards, ^ that tension tests can be 
made in the space between C and D, and compression tests 
in tlie space between C and T. In each case the load upon 
t he specimen is measured by the force upon the table 7, which 
rests upon a pair of horizontal knife-edges seen below it in 
the illustration. The load is equally distributed in regard 
to the knife-edges of the main weighing levers, the ends of 
v\liich are shown at e and /, the lattc^r knife-edge being fixed 
in the second symmetrical'^ lever. In this manner the load 
on the specimen is reduced to about one-sixteenth of its value 
at /; this force is further reduced through the horizontal 
lev(‘r II, which is connected at its smaller »nd h, through a 
rod r, to the weigh beam L. The movement of the travelling 
weight W balances the load. The ratio of the lever magni^- 
cation system, when the weight is at the extreme end of the 
beam, is about 4500 to 1. The vertical load screws S are 
operated through the gearing shown beneath the horizonteil 
levers, and by means of sliding dogs different speeds or rates 

* Manufactured by the Riehle Bros. Testing Machine Company, Rhila- 
delphia, U.vS.A. 
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of loading can be obtained with the different geaj*- wheel 
combinations; usually an electric motor driving through a 
belt to one of the pulleys P is employed. In the particular 
machine shown a reverse gear is provided. 

The Richie machines are made in a number of different 
sizes, adaptable for all kinds of tests, ranging from the 
],000,()00-pound size (used for crushing tests of concrete^, etc.) 
down to the 20,000-pound type; the machine shown in Fig. 71 
is the 200,000-pound type. The prineijdc of all the machines 
is the same, the mode of loading Ixang either hydraulic or by 
iiK'ans of (dther two, three, or four vertical screws geared* 
together. 

Autographic a])]:)aratus is providcsl for stress-strain diagrams, 
and an automatic controlling device can b(5 fitted, if re- 
quired, for moving the jockey weight IF. fdeetrh; contacts 
arc arranged at th(‘ c'nd of the beam L, so that when this end 
ris(vs it malvcs contact, and completes the circuit of an electro- 
magnet. which causes th(^ weight'^driving sen'vv to be ]nit into 
ge'ar with the independent driving shaft. 'rh(‘ w('ight \V 
then moves along the beam towards the smaller end until 
the balance is restored and the contacts l)rok(‘n, wluai it 
rcjnains in the balanced position until more load is aj)[)licd. 

Manometric Type Testing Machine. 

Jn this tyt)c of testing machine one end of the specimen i^ 
attaclual, by suitable means, to the screw or hydraulic; ram 
providing the necessary forciy whilst the other end is (jonnected 
thi ough a cross-head and arms to a flexible diaphragm forming 
the cover of a chamber tilled with a fluid, .such as mercury. 
When the load is applied to the specimen, the diaphragm 
experiences the same force and transmits .pressure to the 
liquid inside the chamber, which is recorded by a calibrated 
pressure gauge or a mercury column; the load upon the 
specimen is then equal to the effective* area of the diaphre^m 
multiplied by the recorded pressure per unit area. 

Fig. 72 illustrates a small machine, based upon the above 

* Tho projected area upon a plane normal to the axis of the specimen 
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Fia. 72 . — Thb Pailby Makomethic Tensile Testing Machine. 
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principle, for testing wires, strips, rods, and cables in lengths 
up to about 18 inches and for loads up to 5000 pounds (in a 
larger type loads up to 10,000 pounds are provided for). 
The load is applied by means of the hand wheel shown upon 
the left, actuating a square-threaded screw attached to the 
cross-head. A quick-return motion is usually provided in 
this (‘lass of machine for bringing the movable cross-head back 
after a test. 

It is essential that the diajihragm itself should offer practi- 
cally no resistance, otlua-wise the loads will not be propor- 
tional to the pressur(\s observed; this effect may be tested for 
by hanging weiglits over a [nilh^y from a wire attached to the 
diaphragm (*ross-head, or by inserting a calibrated tension 
spring or balance in pla(‘o of a specimen, and comparing the 
calibrated with the record(Kl loads. 

The Thomasset testing machine is another (example of the 
manometric principle applied on a larg(5 scale, in this machine 
the spe(*imen is vertical, and tin? lower end is connected through 
sliackles to an hydraulic ram. Tlu^ up])er (uid is connected 
to a liorizontal l('V(‘r at a point betwetui th(‘. fulcrum and the 
smaller end, wliich is atta(;hed to a horizontal diaphragm 
consisting of a flexible metallic plate and a slieet of rubber, 
(’overing a chamber filled with jnercury. The load upon the 
sp(‘cimen is indicated by the height of mercury in the vertical 
gaug(‘ connected with the chamber. 

The Emery testing machine, built in 1871), and installed in 
the Watertown Arsenal, U.S.A., also utilizes the manometric 
principle. This machine is capable of testing specimens 
up to 28 feet long and 30 inches wide in tension, and up to 
30 feet long in compression, the maximum loads capable of 
being exerted being 3G0 tons and 480 tons respectively. The 
load is applied hydraulically, and is measured by means of a 
compound lever system. *Between this system and the 
specimen is a group of four manometric diaphragms connected 
by small bore pipes with four other small diaphragms, the 
object being to reduce the loads to a much smaller value for 
transmission through the lever system to the weighing arm. 
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The reduction in the diaphragm system is 20 to 1, in the 
whole system 420,000 to 1. In this machine flexible steel 
plates or connecting strips are employed ii-.stead of knife- 
edges, in order to reduce tlie friction. 

Shackles and Specimen Holders. 

The design of the shackles for holding specimens in tension, 
com})ression, and shear tests, has an important influence upon 
the test results. 

It is t'ssential that the load shall be ap[)lied uniformly over 
the area of the specimen, and that for tlu' movement of the 
weighing system, the line of action of the load shall always 
remain coincident with the axis of the specimen. The speci- 
men* itself should be so designed that it does not fracture in 
or near the shackle grips. 

For commercial test work it is iua;essary for specimems to 
b(‘ quickly placed in the grips, and r(;mov(al after testing, 
without special tools or appliances. 

It is usual in most testing machines to arrange for one of the 
cross-heads (generally upon the load-application side of the 
specimen) to be adjustable, for accommodating specimens 
of different length; this is effected by means of a screwed 
portion or portions of the cross-head. 

The shackles betwca^i the cross-head and specimen arc 
usually of the fork-hinged type, as shown in Fig. 74, to 
allow for self-alignment during loading. 

Two typical methods of holding specimens are shown in 
Fig. 75. In the left-hand diagram the section of the specimen 
is enlarged where it enters* the split spherical-seated collars 
shown, and a substantial head or shoulder is provided for 
taking the tensile load. The right-hand diagram shows an 
alternative method in which the enlarged screwed end of tlic 
sj)ecimcn is held in a hardefied spherical nut. It is desirable 
to employ rounded threads for this purpose. Fig. 77 ilb^s- 
trates the Riehle self-centring specimen-holder. 

* Tho shapes of suitable tost pieces have already boon considered upon 
p 74 tt seq 

l 


12 
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For certain plastic materials, such as mild steel and wrought 
iron, wedge grips, similar to those shown in Fig. 74, are em- 
ployed. The ahgle of the wedges is from about 1 in 6 to 1 in 8. 




cThe surfaces of the hard-steel wedges adjacent to the speci- 
men are roughened, similar to those of a file, whilst the other 
three sides are finished smooth, so that the wedges readily 
slide down the shackle adapters; with this method the speci- 
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men is gripped progressively tighter as the load increases. 
Tn the example shown in Fig. 74 it will be se^^n from the half- 
plan view that the shackle adapter for the wedges is split, and 
is held in position by means of the bayonet- joint ring shown. 
The wedge method of gripping is employed in the (;asc of flat 
stri]3s of metal. 


kiG. 75 . — Spherically Se\tei> Orips. 




Fig. 7r)A shows the Riehle patent wedg(5 grips for self-align- 
ment of the sp(H‘imen, the wedge faces upon the rouglnmed 
side being rounded so as to grip the specimen more in the centre 
than at the outsides. The round wedge faces are shown in 



Diagrams 1 and 2 at C, D being the flat specimen, whilst 
Diagram 4 is a reproduction of one of the wedges showing 
the curved roughened face. 

Fig. 70 illustrates a convenient and inexpensive form of 
wedge grip for testing cast iron in tension. Here the specimens 
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are made‘’in the form sliovvn in the diagram, being turned 
down to temjilate; the wedge dies, as seen in plan view, 
are split. 

For making shearing tests it is an easy matter to devise 
a suitable shackle upon the forked-end and eye-plate principle, 
with the specimen to form the connecting pin. The specimen 
is in double shear in this case, and in order to approximate 
to a pure-shearing action the specimen should be in the form 
of a bolt, with a clamping nut to hold the sides of the forked 
shackle to khe eye-plate shackle, and to thus minimize bending 



action. The shearing edges of the shackle holes should bo 
hardened; replaceable hardened bvRdies are found convenient 
in this respect. 

Fig. 76 illustrates the Tzod* shearing shackle for flat bar 
specimens. In fhe diagram 6*5 is the specimen, which is 
rigidly hcVl to the frame a by means of the plates gg, which are 
bolted down or^ to the specimen. The frame a forms one 
member of the shackle and is provided with hardened-steel 
shearing plates 6, whilst the cast-iVon sliding block d, carrying 
tl^e hardened-steel shearing plate e, forms the other member. 

A convenient form of shearing tool, suitable for making 
double-shear tests ujx)n 1 inch diameter bars, is that shown in 

♦ Proc. Inst, of Mech. Engineers, 1905. 
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Fig. 81. tTho block which carries the “ knives ” and specimen 
rests on the table of the testing machine, and the movable head 
carrying a crusliing tool forces the upper knife through the 
sjDcciincn. The lower cast-iron block is provided with a 



Fiu. 7!K -Miinioi) of IIoldinmj Cast-Iiion Specimens (Rteiile). 


V-groovc in whicli the S])ecimen rests. The two lower knives 
are exactly 1 inch apart, and are held in the bloclv with a 
wedge by which they arc brought into the correct position. 



Fio. 80.— Avehy’s Fabkk' Testing Machine Shackles. 


The upper knife is movable, and is guided by the block ; this 
knife is 1 inch wide, so that it just fills the space between the 
lower knives when it is moved downwards. 

Fig. 78 illustrates a convenient form of grip for holding steel 
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cable. The cable end is ' passed through a hollojv conical 
thimble, and the loose wires are individually separated and 
bent back in various directions; the interior cl the thimble is 
then filled with a strong kind of soft solder or alloy.* The 
conical thimble then tends to wedge itself in the dies of the 
shac'kles during a test.f 

It is often customary to form a good splice at each end of the 
length of cable to be tested, and to bind with copper wire the 
spliced portion, finally soldering the whole splice. Ordinary 
pin-shackles can then be employed for holding the cable. 



Fio. 81 


Kig. 80 shows a suitable shackle for holding fabric, bolting, 
and similar materials; this design of shackle is employed upon 
the Avery fabric-testing machine. The shackle consists of 
two hinged portions A and B, about the main link pin 0, the 
hinging being for rapid insertion of specimens. The material 
is grip 2 )ed between the corresponding corrugated portions of 
A {indB by means of the bolts Z>, and no slipping is found to 
occur during a test. 

Autographic Stress-Strain Recording Apparatus. 

Most modern testing machines are provided with devices 
for automatically recording the loads and extensions of the 
specimens throughout a test. 

The principle upon which the more common types of au*to- 

* A suitable alloy consists of lead 9 parts, antimony 1 part, and bismuth 
1 ])art. 

t For other suitable cable fastenings see Chapter VII. 
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graphic apparatus works is as follows* A cylindrical drum, 
upon which a shc(‘t of papcT is fastened, is caused to rotate 
about its axis by means of a pi('ce of fine wire or strong cord 
passing around a suitable^ eoncentric pulley. The other end 
of the wire or cord is attached through a ])ull('V system to the 
speeinu'ii, or cross-head of tlu; Lasting machine, so that the 
rotation of the drum is ]>roportional to tlu; extension of the 
specimen. It is usual to fasten two clips to the specimen at 
2, 4 , (), or 8 inches apart, as tlu' ease may be, and to arrange' 
for the' wire or cord to ])ass ove'i* })ull(*ys on the clips in such 
a manner that the rotation of the drum is ])ro]iortional to the 
extension occurring hetwee'ii the elij)s. 

The stress component of tlu' curve drawn upon the drum 
is obtained by mc'ans of a ])encil carriage which is moved in a 
direction parallel to the axis of the drum, and which derives 
its motion, through a suitable re'duetion, from that of thc' 
rotation of the sen'Av oi* tlu' motion of the' travelling cross-head 
(the ]X)sition of which along the Ix'am s(*ale is proportional to 
the load upon the s])('cimen). 

Fig. 82 illustrates the Wicksteed-Buckton autographic; 
recorder emplcyyed upon singk'-lever machines.* 'J'hc* rotation 
of thc' drum is obtained in a similar manner to that outlined 
above. The load is measurc'd l)y initially setting the bc'ain 
in its extreme ])osition, by running the' jockc'y weight along 
to the maximum scale reading, and by inter])()sing a compres- 
sion sjwing between the bc'am end,, and its low c'r stop. This 
spring is initially comjuc'ssed by the jockey Aveight; as the 
load comes on the spec'imen, the beam slowly rises, and the; 
compression spring, becoming rMieved of part of its load, 
extends. • The amount of tlu' extension is jAroportional to thc 
load upon the s]iecimen, and by coupling up the ])encil carriage 
w^th the spring, the pencil will be caused to travel vertically 
upwards by amounts depending ifpon the load, and, combined 
\Wth the rotational motion of thc drum, a load-strain diagram 
will be drawn. 

* This apjjuratuH is also shown ii])t)n on tlu; (‘xticinc ri^ht-liand 

side. 
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Til some forms of autographic recording apparatus it is 
arranged to automatically record tlio time of tlu' ^est by means 



1 . . 

Fkc S2.— AiJT(>(}R\raic Appvkatcs on Testing M u'iiine. 


of a chronograph-operated sparking set or inked pen. Elec 
trieal methods arc sometimes employed for recording small 
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strains Ivithin the elastic limit, for a description of which 
the reader is referred to Unwin’s “Testing of Materials of 
Construction.’^ 

An early load-recording device consisted of a pencil worked 
from a small hydraulic cylinder’s j.)iston, the motion of the 
pencil being proportional to the pressure in the ram cylinder. 
Owing to uncertainty of ram friction, this method has not been 
adopted. 


Extensometers. 

The strains within the clastic limit arc so small that special 
apparatus must be employed to measure same. In the case 
of a 2-inch specimen of mild steel the total amount of elastic 
strain up to the elastic limit is only about . J inch, or about 
inch per ton per square inch load, so that a device 
embodying some magnification sy.stem of levers or mirrors 
becomes necessary. 

]^]xtensometers should be capable of measuring strains up to 
■ inch, in order that the stress-strain relation may be 
obtained, and for estimating the value of moduli of elasticity. 

It is also essential that the mean of the strains of the two 
opposite sides of the bar or specimen should be measured, 
as one side may, and often does, .stretch more than the other, 
owing to slight bending or .stress inequality. 

The rate of loading also has ‘an influence upon the strain 
measurement, and a certain time interval (usually of several 
seconds) should be allowed to elapse before an extensometer 
reading is taken. 

Extensometers for commercial use should be self-contained 
^ — that is to ^y, when not in use should not consist of a number 
of loose and delicate parts; they must be easily affixed and 
detached, sufficiently strong in design, and reliable in use over 
• long periods with a minimum of attention. It is usual to 
supply gauges with an extensometer, provided with suitable 
punches or indenting screws; the gauge is j)laccd upon the 
specimen, and the specimen is punched or marked at the gauge 
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distances, say, of 2 or 8 inches, the extensometer Clamping 
screws being placed on the marks. 

Approximate Method for Finding the Yield Point. — After the 
elastic limit is reached, the yield point may be readily detected 
by placing one point of a pair of dividers in one of the gauge 
marks and striking a seri(‘s of small arcs, backwards and for- 
wards, across the other gauge mark; when the yh^ld point 
occurs, the c;onsecutive arcs suddenly o})en out by a measur- 
able distance. After the yield point is passed, strains may 
be measured by means of a scale and a pair of dividers. 

I'hcre are a number of extensoni(itcrs upon the market, all 
depending upon the principle of lever or mirror magnification, 
and provided with microscope or vernier methods of measure- 
ment; one or two of the more important types will bo here 
described. * 


Bauschinger’s Extensometer. 

This extensojneter consists of a pair of rollers and jnirrors 
f(W nu'asuring the strains, and enables the strains to be read olf 



simultaneously upon opposite sides of the specimcir. This 
instrument enables readings to be taken to - millimetre, or 
approximately to ^ o inch. * 

Fig. 83 illustrates the principle of the device. 

The specimen is gripped by means of separate knife-edges^ 
at a and 6, which are clamped in position. The clamp at h 

* J^'or fuller information concerning other types the reader is referred to 
Unwin’s “Testing of Materials”; Ewing’s “Strength of Materials”; and 
E. S. Andrews’s “ Strength of Materials.” 



carries a pair of ebonite rollers, and dg, upon well-aligned 
spindles, and^ each roller carries a mirror such as or g^. 
Initially the mirrors are adjusted normally to the axis of the 
specimen, so that the telescopes and e, show reflectioris of 
the zero readings of the eireular scales u]ion /. As the speed • 
men stretches there is relative motion between h and r?, and the 
rollers with their mirrors are progixvssively rotated, so that 
an observer looking through the telescopes sees tlio successive 
readings of the scales upon /. 

For approximate purposes the mirrors may be replaccal by 
long pointers moving over the same tyj)e of scale. If / b(^ the 
length of the lever, arm r the radius of the rolks*, and x b(‘. the 
extension of the specimen to be measured, then 
, s 

where s = the scale reading on /. 


Unwin’s Extensometer, 

This instrument, which is shown illustrated in Fig. 84, 
reads the strains directly by means of the vertical scale and 
vernier shown. 

There are two clamps, Cj and Cg, the lower one of which 
carries a spirit level tube I fixed rigidly to it, but provided 
with zero adjustment means at s. The up[)er lev(‘l I is free 
to rotate about the points of the attachment screws, one of 
which can be just' seen behind Cj. in its normal position the 
upper level rests upon the ,top of the micrometer- wheel 
vertic^il rod 77t. 

Initially the two levels are adjusted to parallelism; as 
• stretching o^lcurs, the upper level rotates or swings down- 
wards, and the micrometer m iij screw^ed upwards to counteract 
this effect, until the levels are again parallel, the amount of 
^ vertical movement being read off the scales. 

Readings can be taken to within xttdw instru- 

ment, but its use necessitates a continuous adjustment of the 
micrometer wheel, so that it cannot be said to be self-contained. 
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Ewing's Extensometer.* 

This instrument, which is self-contained and very con 
venient and accurate to use in practice, is shown diagram- 



9 

Fig. 84.~Un\vin’s Extensometet?. 

matically in Eig. 85 and in detail in Fig. 86. • 'I'he former# 
diagram will serve to explain the principle of the device. 

Tluu’e are two separate parts, clamped to the specimen at 
B and 0 respectively by means of set screws, of which G con- 
sists of a lever PCQ pivoted at 0, and jB is a rigid member. 
The rod is provided with a bearing or fulcrum at the lower 

For lullor particulars soc Ewing’s “ Strength of Materials,” pp. 77-82. 



190 AIRCRAFT AND AUTOMOBILE MATERIALS 


end, allowing rotation only in a plane perpendicular to that of 
the paper, an^ with a conical point at its upper end which 
engages in a corresponding cavity in the member C at P. 

When the specimen stretches, the point B, and therefore P, 
moves downwards, and the point C upwards, so that the end 
Q and the rod R both move relatively to B through a distance 



Fm. R5 . — Tiik Ewino Extensometer. 

* 

equal to twice the extension. This distance is measured by 
me^ns of a measuring microscope fixed to B by observing the 
Inovement of a fixed mark upon R. 

The joint between P andP^ fot'ms a rigid connexion between 
the two members, so far as angular movement in the plane 
of the paper is concerned; this is an essential feature in the 
action of the instrument, for it is only then thatP serves as a 
fixed fulcrum in the tilting of 0 by extension of the specimen 
during a test. 
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Fig. 8G is an illustration of the usual form of the complete 
instrument. The clips B and C in this standa»’d pattern are 
set at 8 inches apart. 

The object sighted is one side of a wire stretched horizontally 
across a hole in the rod R, and illuminated by means of a small 
mirror behind. The distances CP and CQ are in this instance 
equal, with the effect that the movement of the sighted mark 
is double the extension of the test piece. The length of the 
microscope is adjusted so as to give a constant magnification. 



Fig. 80 . — The Ewing Extensometeu. 


This adjustment should be tested with the extensometer 
mounted on the specimen, and if necessary the length of the 
microscope tube can be altered by drawing out or in the portion 
carrying the eyepiece. A comp\<?te revolution of the screw L, 
which has a pitch of of an inch, should cause a displacement 
of the mark through 50 divisions of the eyepiece scale, and 
when this is the case the eyepiece is at the proper distance 
from the objective. Headings are taken to tenths of a scale 
division, so that this displacement, which would also be given 
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extension of the test piece, corresponds to 
500 units. Each hnit then means i^^h in the extension 

of the test piece. In the instrument the whole scale com- 
prises 1400 units, and calibration tests show that throughout 
the middle 1200 of them the proportionality of the scale 
readings with the real movements of the mark is practically 
perfect. 

The screw L also serves to bring the sighted mark to a 
convenient point on the micrometer scale, and also to bring 
the mark back if the strain is so large as to carry it out of the 
field of view ; thus, a single turn of the screw adds another 500 
units to the range shown on the micrometer scale. In dealing 
with elastic strains there is no need for this, as the range of 
the scale is itself sufficient to include them, but it is useful 
when observations are being made on the behaviour of 
metals as the elastic limit is passed. 

To facilitate the application of the extensometer to any rod 
a clamping bar is added by which the clips B and C are held 
at the right distance apart, with the axes of their set screws 
parallel, while they are being secured to the test piece. Such 
a clamping bar is especially convenient when the strain has 
been carried beyond the elastic limit and it is desired imme- 
diately to reset the clips to the standard distance apart after 
the length between them has materially changed by extension 
of the specimen. The clamping bar must, of course, be re- 
moved before a test begins. 

A similar standard pattern of Ewing extensometer is supplied 
to read in metric units. In this case the length between the 
clips on the tfest piece is 20 centimetres, and the micrometer 
screw has a pitch of J millimetre. The length of the micro- 
scope is again adjusted so that one revolution of the screw 
causes a displacement of 50 divisions on the eyepiece scale. 
Readings being taken to tenths of a division, each unit in the 
reading corresponds to ^ millimetre in the extension of the 
test piece. 

In another pattern of Ewing extensometer, also designed 
for metric readings, the length between the clips on the test 
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piece is 10 centimetres. In this case the lever arms (7P, CQ 
are so proportioned as to magnify the extension four times. 
The object sighted is a small glass slip on which are engraved 
horizontal lines | millimetre apart. The length of the micro- 
scope is adjusted to make the space between these lines 
correspond to 50 divisions of the eyepiece scale, or 500 units 
in the readings. In this pattern of extensometer each unit 
consequently represents 40*00 niillimetre in the extension of 
the test piece. 

Eig. 87 shows a modified form of Ewing ext^^nsometer 
adapted to measure the elastic compression of short blocks 
having clip centres 2 inches apart. In this instrument the 
lever arms arc arranged to magnify the movement 5 times, 
and the object sighted on is a small glass slip on which are 
engraved two fine horizontal lines .*0 apart. The length 



r 


Fig. 87. 

of the microscope is adjusted to make 50 divisions of the 
eyepiece correspond to this division of inch. Therefore, 
for a movement of one scale division of the eyepiece the glass 
slip moves through . ^ inch and the extensometer centres 

move relatively inch.^ In making the test, readings are 

taken by estimation to tenths, and a unit consequently corres- 
ponds to 1 ^ inch of compression. 

The compression form is also supplied for metric readings, 
with clip centres set 5 centimetres apart. The levers magnify 
5 times, and the interval between the sighted lines on the glass 
slip is ^ millimetre, which covers 50 divisions of the eyepiecd 
scale. By estimation to tenths readings are consequently 
taken which egrrespond to millimetre in the compression 
of the specimen. * 

* Tho instruments illustrated in Fi^^s. 85 to 87 are manufactured by the 
Cambridge Scientific Instrument Company, to whom tho author is indebted 
for tho loan of tho diagrams. 
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Both of the compression forms are suitable for tension tests, 
on lengths of 2 inches and 5 centimetres respectively. 

The Cambridge Extensometer. 

This instrument, which is suitable for both scientific and 
commercial use, is of simple construction and gives accurate 
readings of the strains during a test. 

The instrument is shown illustrated in Figs. 88 and 89. 

It is made in two separate pieces, each of which is 
separately attached to the test piece M by hard steel conical 



Fj^}. 88 . — The CAMBRiBaE Extensometer. 


points P, P and P^, P^. The steel rods carrying these points 
‘slide in geometric slides, and after being driven gently 
into the centre punch marks in the test piece are clamped 
in position by the milled heads R, P. Both parts of the 
instrument should be capable of rotating quite freely about 
the points, but there must be no backlash. 

The lower piece carries a micrometer screw fitted with a 
hardened steel point X and a divided head H. It also carries 
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a vertical arm at the top of which is a hardened steel knife- 
edge. The upper and lower pieces work together about this 
knife-edge. A nickel-plated flexible steel tongue A, forming 
a continuation of the upper piece, is carried over the micrometer 
point X. This tongue acts as a lever magnifying the exten- 
sion of the specimen, so that the movement of the steel 
tongue to or away from the steel point X is five times the 
actual extension of the specimen. 

To take a reading with the extensometer the thin steel tongue 
A is caused to vibrate, and the divided head then^turned till 



Fig. 89. — The Cambridge Extensometer. 


the point X just touches the hard steel knife-edge on the 
tongue as it vibrates to and fro. This has prove'd to bo a most 
delicate method of setting thp micrometer screw, as the noise 
produced and the fact that the vibrations are quickly damped 
out indicate to iVira niillimetre the instant when the screw is 
touching the tongue. After the load is applied, a second 
reading is taken in a similar manner, and the difference in 
the readings gives directly the extension of the test piece. 



196 AIRCRAFT *AND AUTOMOBILE MATERIALS 


If the iest piece is of small diameter the spring does not 
vibrate in so satisfactory a manner; the cause of this is the 
flexibility of the test piece, the instrument itself vibrating 
as well as the spring. Still, very delicate readings can be 
taken by simply deflecting the spring with the finger and noting 
the contact as it passes the point. No damage can be done 
by advancing the micrometer screw too far forward; all that 
happens is that the point passes the knife-edge on one side or 
the other. 

Dimensions. — The standard instrument is suitable for use 
on specimens up to 20 millimetres or | inch diameter, the 
centre points being 100 millimetres apart. Instruments 
have also been made with the centre points 2 inches apart, 
and instruments for other lengths can be readily designed. 

Referring to the standard instrument for 100 millimetres, the 
pitch of the micrometer screw is .1 millimetre; and the head 
is divided into 100 parts. As the lever multiplies 5 times, each 
division on the head corresponds to an extension of the test 
piece of millimetre, and as the tenths of divisions can be 
estimated by eye, readings can be taken to millimetre, 

although it is not claimed that the results are trustworthy 
to this degree of accuracy. The effective length of the test 
piece being 100 millimetres, readings can be taken to jjyolobT) 
of the length of the test piece by estimation. 

This instrument has been tested by the authorities of the 
National Physical Laboratory, who^tate that ‘‘ the instrument 
is evidently reliable to about the one-thousandth part of a 
millimetre under ordinary conditions of test.” 

It is essential, as with other types of extensometer, that 
the specimen should be marked off at exactly the correct 
centres, and that the extensometer steel-tongue centre line 
should pass through the centre line of the test piece. For 
marking off the specimen to the correct gauge length, the 
irpecial marking-off tool shown illustrated in Fig. 90 is pro- 
vided, and for centring the extensometer upon the test 
piece the centring gauge shown in Fig. 91 is particularly 
useful. 
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Torsion-Testing Machines. 

Many tensile -testing machines are often* provided with 
means for making torsion tests; one common method em- 
ployed upon single-lever, vertical type machines is to provide 



a suitable chuck having its axis coincident with the line of the 
knife-edges of the main fulcrum of the beam. One end of the 
torsion specimen, usually of square or castellated section, is 



inserted in this chuck, and the other end has a similar chuck 
fitted in a largo worm wheel, actuated by a hand wheel or 
gearing through a worm. As the torque is applied by means 
of the woym and worm wheel, the other end of the specimen 
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tends to rotate the weighing beam (which is initially balanced 
so that its C.G. coincides with the fixed fulcrum), and the 
torque is balanced by moving the travelling weight along the 
beam; the product of the weight into its distance from the 
axis of torsion, or fixed fulcrum, gives the torque upon the 



Fiq. 92 .— Torsion Machine Arrangement. 


specimen. The worm wheel is psually provided with a dial 
and indicator to show the angular strains at different torques. 

Fig. 92 illustrates diagrammatically the principle of the 
torsion attachment to a single-lever machine. 

Fig. 93 shows diagrammatically two alternative methods 
of obtaining a pure torque, without the disadvantages of 
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shearing action, which is present in single-arm torsion 
machines. 

Another method depending upon the same principle as Fig. 92 ' 
is illustrated in Fig. 94, which shows a torsion-testing^machine 
made by Denison and Son, of Leeds, capable of applying 




torques up to 50,000 inch-poimds. The load is applied by 
means of a small high-speed electric motor driving the worm 
and worm wheel, seen upon the right-hand side of the illus- 
tration, and this in turn works through a pair of gear wheels 
on to one end of the specimen. The other end of the specimen 
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is attached to a chuck in a lever pivoted upon Imife-edges, 
the longer end of which pulls, by means of thejtension member 
shown upon the left-hand side, upon one side of an initially 
balanced weighing arm, which records the torque upon a 
suitably engraved scale. 

In this particular machine the travelling weight upon the 
weighing arm is automatically moved from its zero position 
along the beam as the torque is applied to the specimen, 
and thus always indicates, by its position, the amount of the 
torque at any moment. • 

The specimen, which is always in view, and which can 
be of any length up to 5 feet, is provided with squared 
or castellated ends, and is free to slide at one end during 
a test in order to accommodate the contraction in length 
accompanying torsional strain. 

Fig. 05 illustrates another type of torsion machine, made 
by Messrs. Bailey and Company, and due to Professor 
Thurston, in which the torque is applied to the specimen by 
means of a hand-wheel-operated worm and worm wheel, 
and a pair of gear wheels, and is measured or balanced by 
means of a vertical pendulum upon the same axis as the 
specimen, which swings out of the vertical as the torque is 
applied, the angle of swing being a measure of the torque. 
Thus, if Z=the distance of the C.G. of the pendulum from the 
axis in inches, W=its weight in pounds, and 6^— its angle 
of deflection measured from the vertical, then the value of the 
torque upon the si)ecimen is — W‘/ sin 0 pounds-inches. 

This machine is provided with an autographic recording 
apparatus, which consists of a cylindrical drtim, upon which 
the paper is fixed, and which is itself concentric with and 
attached to the movable chuck holding one ehd of the speti- 
men; the angular strains £y:e thus directly measured. The 
ordinates of the curve drawn are proportional to the swing 
of the pendulum — that is, to the torque- — the recording 
pencil being attached to the pendulum. 

Fig. 96 illustrates the method of holding the specimen, 
and the templates employed to obtain the standard proportions 
of the specimens. 
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Torsion Meters. 

It is usually a fairly easy matter to measure the angular 
strains in torsion tests, as the observed strains are relatively 
much greater than those occurring in tension or compression 
tests; thus, a circular bar of mild steel of length equal to about 
10 diameters will make three or four complete revolutions 
at one end before it twists off. 

The principle of most of the devices employed for measuring 
torsional strains is to fix a telescope or cathetomcter upon the 



Fia. 97. — The Ribhle Torsion Meter. 


fixed end of the specimen, and parallel to same, at a convenient 
distance from the centre, IJie other end carries at the same 
radius a graduated circular scale, clamped •normal to the 
rotating end of the specimen. Readings are made by looking 
through the telescope, on to the scale. * • 

Fig. 97 illustrates the piehl6 torsion meter, which is 
employed for determining the elastic limit, spiral angle, and 
torque-strain readings to within five minutes. The device 
consists of two pairs of gears, each comprising a smaller and 
a larger gear wheel, in the ratio of 1 to 3; the smaller gear 
wheel of each pair is securely fixed, by means of three hardened 
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and pointed screws, to each end of the specimen. The larger 
gear wheels a^*e carried upon a separate frame, and are pro- 
vided with universal joints for alignment purposes, so that 
it is only necessary to take their readings with fixed verniers 
during a test. In this instrument the angular torsion strains 
are reduced in the ratio of 1 to 3. To prevent any backlash 
of the gears from interfering with the readings, the larger 
pinions are either weighted upon one side, or are provided with 
an automatic radial adjustment which always keeps the gears 
fully in mesh. 

This instrument is designed to take readings over lengths 
varying from 2 to 10 inches, and upon diameters up to 2 
inches. 

Wire and Cable Testing Machines. 

Wires and cables can, of course, usually be tested in ordinary 
tensile-testing machines, but for the smaller sizes em])loy(Hl 
in aircraft work and occasionally in liglit car construction, the 
usual tensile testing machine possesses the following disadvan- 
tages, namely : — (a) That the small loads cannot be accurately 
measured; (6) that the lengths of wire or cable require to be 
fairly short; and (c) that the machine is generally too massive 
and cumbersome to use. Wliere wires, small rods, or cables, 
require to be tested in any number, it is advisable to employ 
a special wire- testing machine. For aeronautical work one 
with a capacity up to 8000 or lO'OOO ]JOunds is convenient. 

Fig. 08 illustrates an inexpensive horizontal pendulum type 
of wire-testing machine, made by Sir W. Bailey and (Jompany, 
in which the luad is applied by hand through a handle, worm, 
worm wheel, and screw, and is measured by the angular 
^movement of^ the pendulum shown, which records the total 
load upon a dial. The dial^ which is graduated up to 
5000 pounds, is provided with a maximum pointer for 
^marking the maximum load. An oil buffer is provided to 
allow the pendulum to return smoothly after a test. Speci- 
mens up to 18 inches in length can be accommodated in this 
machine. 
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Fig. 09 showri a more elaborate wire-testing machme made 
by Messrs. Denison and Son, with a capacity up to 10,000 
pounds, and in which the load is applied at a given rate by 
means of an electric motor, which drives through a flat belt 
the worm gearing actuating the load-application screw. 
This machine works upon the lever principle, the loads being 
indicated upon a large dial provided with a maximum hand, 
which is pushed around by the moving hand and remains 
at the maximum load after fracture of the specimen. This 



9^._TiiE Bailf.y ^ike Testing Machine. 

• 

machine is also provided with autographic apparatus for 
drawing load-strain diagrams;* the principle of this device 
may be followed from the diagram, which shows the strain 
levers, cord, and pulleys actuated by the movement of the 
lower grip, which pulls a cord around the horizontal drum ** 
The load mechanism can also be traced from the illustration. 
In this type of machine the wire is held in wedge grips similar 

* This is very convenient for finding the elastic moduli. * 
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in princij)le to those shown in Fig. 74, but with a quickly 
attachable arrangement for inserting the wire. 



99. The^DbnisonjWire Testing Machine (10,000 Lb. Type). 

Other types of wire-testing machine work upon the mano- 
metric principle, and the more elaborate forms are provided 




Fig. 100.— The VArcHAN-EproN Wire Fatigue TESTI^*G Machine. 
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with automatic devices (usually electrical in origin) for apply- 
ing the load at a given rate, and for recording loads and 
strains. 

In a large number of instances the stresses experienced by 
wires and cables are alternating in character, and the more 
common example occurring in practice is that of a wire under 
combined bending and tension, as in the case where pulleys are 
employed. 

A machine, known as the Vaughan-Epton type, made by 
Messrs. J. Buckton and Company, has been devised for testing 
wire and cable in this manner, and is shown illustrated in 
Fig. 100. The wire or cable under test is fixed at the right- 
hand end in a fixed friction chuck or grip, and passes around 
three horizontal pulleys, the centre one of which is out of 
line with the other two (as shown in Fig. 101). The pulleys 
are carried upon a cross-head which can bo driven to and fro 
upon the gantry of the machine by means of the crank and 
eccentric motion shown in the lower left-hand side. The other 
end of the wire or cable is attached to a c;huck forming part 
of the ram of a horizontal cylinder, which in turn is in con- 
nexion with a small variable load accumulator by means of 
which a constant load of from 1 to 1000 pounds can be applied 
to the wire under test. A special counter is provided for 
recording the number of strokes of the cross-head, and means 
are provided for taking up the stretch of the wire, whilst 
keeping the constant initial load fipon it. A small compen- 
sating pump is provided for supplying pressure to the accumu- 
lator. When the test has proceeded to the point when 
fracture of the wire occurs, the counter is thrown out of action 
and the driving belt is moved on to a loose pulley, it is also 
possible to give the wire any initial degree of torsion, if desired. 

Transverse Testing Machines. 

It is often necessary to make quickly a number of successive 
tests upon a standard size of beam, and for this purpose 
it is very convenient, not to add inexpensive, to employ a 
simple type of machine designed expressly for the purpose. 
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Fig. 102 shows such a form of machine, made hy Messrs. 
W. H. Bailey and Company, for testing bars of cast iron, 
gun- metal, concrete, etc., in bending. This ihachine is de- 



signed for bars 2 inches deep by 1 inch wide by 3 feet span, 
and loads up to 40 cwt. can be applied at the centre of the 
beams. The machine is of the single-lever type, and the 
sliding jockey weight is provided with a milled head for slowly 
moving it along the weighing arm. 



w « • e» US KCi 




I’la. 102. Tub B.mlev 'JThnsveiwb Testino Machine, 

A more elaborate form of transverse tester, mside by Mossrs^^ 
Olsen, of Philadelphia, is shown in Pig. 103. 

This machine is provided Vith an autographic apparatus 
for drawing large-scale load-deflection diagrams right up . 
to the breaking-point. The weighing mechanism is of the 
combined lever and pendulum type, and has a capacity in the 
smaller type of machine of 2500 pounds, and, by employing 
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additional pendulum weights of 5000 pounds, in the larger type 
loads of 5000 pounds and 10,000 pounds are provided for. 

The load is applied by means of the hand wheel and screw 
at a constant rate. 

The sizes of test bars employed are 1 inch square by 12 inch 
span in the smaller machine, and 2 inches square by 24 inch 
span in the larger machine. 



Fig. 103 . — The Olsen Tuansvekse AeTOGHArmc Testincj Machine. 


Fatigue and Combined Stress Testing Machines. 

j It is becoming the practice to test specimens and members 
under conditions approximating to those actually occurring, 
for, although static tests are valuable up to a certain limit, 
there is not, at present, sufficient information available for 
predicting fatigue results from data derived from static tests. 

Special machines have therefore been devised for testing 
machines under different systems of reversed and alternating 
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loadings, and for combined stresses. Machines "have also 
been devised for repeated impact or shock tests; one or two 
typical examples of this class will bo described later. 

One of the earliest repeated-stress machines was that em- 
ployed by Wohler* for testing specimens in reversed bending 
action — that is, from a positive, through zero, to a negative 
bending moment. In this machine the specimen is held In 
the chuck of a lathe, as a cantilever beam, the outer end of 
which is loaded through a ball race with a fixed spring or 
dead weight. Each side of ^thc specimen is alternately in 
compression and tension every revolution of the lathe spindle; 
the number of revolutions before fracture is recorded and the 
range of stress is estimated from the load and the dimensions 
of the specimens. 

Fig. 104 shows an improved type of Wohler machine used 
by the National Physical Laboratory for making tests upon 
welded steel joints; the principle is essentially that described 
above. 

In this machine the number of alternations could be varied 
up to 2000 per minute, although, as has been already pointed 
out, there does not appear to bo any reduction in fatigue 
strength due to the high rate of alternation. 

The machine illustrated was provided with a revolution 
recorder for recording up to 10,000,000 revolutions, and was 
direct motor-driven. The load was applied through a Skefko 
spherical typo ball-bearing to allow the spindle to deflect 
without affecting the direction of the load. A universal joint 
was provided between the bearing and the load, and beneath 
the load- weights was an oil dash pot to damp .out oscillations. 
The hand wheel shown below the universal joint was provided 
with a hollow screw through which the load «pindle passeej, 
and when it was desired to take the load off, or apply the load, 
the screw was moved up or ddwn to lift or release a flange upon 
the load rod, respectively. 

The machine was automatic in action, and once started 
could be left running, for when the specimen l?roke the load 
* See p. 120 et aeq. 




Fig. 104 —The N.P.L. Wohler Fatigue Testing Ma 





TESTING MACHINES AND METHODS 213 

a.nd its rod dropped through a certain distance and operated 
a switch breaking the circuit of the electric motor. The 
specimens used were of 1 inch external diameter, but at the 
chuck end were drilled out to about | inch, in order to reduce 
the period of the test and to enable a small, compact machine 
to be used. 



Pia. 105. — PiioFESSOR Smith’s Stress Repftition Machine. 

• 

For axle steel, with a range of reversed stress of about 
36 tons per square inch, it was found that about 2,000,000 
reversals were required to fracture the specimen with thb 
above type of machine. 

Another type of machine devised by Professor J. H. Smithy 
for testing specimens in alternate tension and compression is 
shown illustrated in Fig. 105. In this machine a shaft Ny 
carrying a pair of flanges K, is provided with unbalanced 
weights which as the shaft rotates introduce longitudinal 
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a nd reversed centrifugal forces upon the specimen BC, which 
is clamped at C; the specimen thus experiences repeatedly 
varying stresses. An initial tension may be applied to the 
specimen by means of the spring II and screw device J. The 


« 


Fig. 106 , — The Upton-Lewis FaVioue Testing Machine. 

shaft N is driven off another shaft in the same line with it, 
through a flanged plate carrying a radial slot driving one of the 
. projections E ; in this way the specimen receives no driving- 
action effect. 
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A machine employing this principle is used at the National 
Physical Laboratory for alternate tension aijd compression 
tests upon one or a number of specimens at the same time. 
In this type of machine the whole of the rotating parts must 
be balanced so that the machine and its foundations are not 
subjected to vibrations. 

Figs. 10() and 107 illustrate another type of reversed bending 
machine, known as the Upton-Lewis fatigue-testing machine.* 
The specimen, which is of rectangular section J inch x J inch, 



or I inch x 1 inch, by 6 inches long, is clamped to the jaws 
A and B, thus forming the connexion between the two pieces. 
The jaw A forms part of an elbow lever A DN* pivoted at 7), 
and provided with a pair of compression springs E and F, 
which can be screwed up or down so as to giv»5 any amount^ 
of stress range (one side positive and the other negative). 

The reversed bending action is applied to the specimen by 
means of an eccentric or variable -throw crank ilf, acting 
through the connecting rod L on to the arm KB, thus altern- 
ately bending the specimen, first one way and then the other, 

* Manufactured by Messrs. Olsen, of Philadelphia. 
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against each of the springs E and F in turn, until fracture 
occurs. ( 

The machine is fitted with an autographic apparatus which 
reproduces, to scale, the compressions of the springs (which are 
proportional to the ranges of stress) as ordinates, and the num- 
ber of alternations up to fracture, which are taken as a measure 
of the fatigue resistance for the given range of stress. 

Fig. 108 shows a typical diagram from this type of machine; 
the vertical distance Y denotes the stress range, and the num- 
ber of repetitions is shown by the number of peaks on one 



Fig. 108 . — Re('oki) Fuom Upton-Lkwis Fatigue Machine. 


side. The diminishing height of the ordinates after about 
the fortieth alternation denotes the fatigue breakdown pre- 
ceding* rupture. 

The Sankey Reversed Bending Machine. 

This machine is a convenient one for carrying out workshop 
reversed bending tests by hand, and consists of an appliance 
for bending the specimen baeWards and forwards through 
a fixed angle of 1-6 radians (=91J‘^) until it breaks. An 
autographic device records the maximum bending moment 
Und the number of alternations, as a number of parallel strokes, 
somewhat similar to the records, from the machine previously 
described. The arrangement for measuring the bending 
moment consists of a flat spring B (Fig. 109) clamped at one 
end A, and carrying at the other a grip (7, between which and 
the bending lever E (which is about 3 feet long) the specimen 
D is inserted. The grip C actuates, by means of the cords 
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or wires L and M, the pencil H, recording the bending moment 
ordinates. • 

The test procedure is to slowly bend the specimen, by means 
of the lever E, until the yield point is indicated by a distinct 
jerk or stretching, when the drum is rotated by hand two 
teeth, whilst still maintaining the yield pressure; this ensures 
the recording of the yield bending limit. The bend is now 



completed to the standard angle, as indicateef upon the diill 
FF^ and the bending reverf^^d to the other limit, and so on, 
until the test piece breaks, the angle of fracture being noted 
upon the graduated sector FF. The spring B is calibrated by 
applying a known bending moment to the end of the hand 
lever E, at P, by means of a spring balance, and adjusting 
the length of the spring P until the recorded moment upon the 
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drum corresponds with that of the spring balance. The energy 
required to rupture the specimen is given by — 

E = l‘6 X No. of Bends x Mean Range of Bending Moment. 
The Yield Stress =0-645 x Initial Yield Bending Moment. 
The Ultimate Stress =0-645 x Maximum Recorded Bend- 
ing Moment. 

The specimens employed have a free length of I J inches. 

Impact Machines. 

Machines which have been devised for testing materials 
under conditions of impact or shock may be roughly divided 
into two classes — namely, (a) Machines for breaking the given 
specimen at a single blow, and provided with means for measur- 
ing the energy absorbed; and (b) repeated-impact machines 
for delivering a number of blows of known . energy before 
fracturing the specimen. 

To the former class belong the Izod, Charpy, Olsen, and 
N.P.L. screw-thread and railway coupling impact machines.* 
The latter class comprises machines such as the (,-ambridgo 
drop-hammer type, the Eden-Foster, and vibratory spring 
testers. 


The Fremont Impact Machine. 

This machine is of the falling- weight type, and is often 
employed in automobile and engineering works for testing 
the shock-resisting qualities of materials. 

The test piece, made to standar/I dimensions, is placed upon 
rests at the bottom of the apparatus, and a vertical column, 
immediately above, acts as a guide for the weight, which is 
iKowed to drop upon the specimen. 

The initial height multiplied b^/ the weight of the hammer 
s a measure of the energy of the blow; the energy left in the 
lammer after the blow is measured by means of the deflection 
of a spring which receives the blow after the specimen has 

♦ This machine has also been arranged to deliver a number of successive 
blows to the specimens until fracture occurs. 
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fractured. The difference between the two energies is that 
absorbed by the specimen. 

The Izod IVEachine. 

This machine,* which is shown illustrated in Fig. 110, is 
designed for making impact tests upon standard notched 



Fig. 110. — The Impact Machine. 


bar specimens, t The specimen is clamped in a vice in the 
position indicated in Fig. Ill — that is, with the notch facing 
the hammer, which is of the pendulum type. 

* Manufactured by Messrs. W. and T. Avery, Ltd., Birmingham 
t See p/l42. 
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The hammer is released from an indicated angle, corres- 
ponding to a ftxed height, and after striking and fracturing 
the specimen swings to the opposite side, to another indicated 
angle, from which the height after swing is determinable. 

The energy absorbed by the test piece is, then, equal to 
the difference in heights of the C.G. of the hammer before 
and after impact, multiplied by its weight. 



The indicating scale is provided with a friction pointer, 
which is moved by the swinging hammer, and which indicates 
energies in foot-pounds, directly. 

This form of machine is simple and cheap ; it enables single- 
blow impact tests to be made very quickly, and has been found 
to give accurate comparative results. The maximum energy 
of this machine is 120 foot-i^ounds. 

The Charpy Machine. 

This machine, which is used on the Continent, is also 
6f the pendulum type, but the hammer consists of a Hat 
circular disc, provided with a 30° rounded striking edge; the 
hammer weight is 50*2 pounds, and the height of fall 51 *8 
inches, the total energy of the blow being about 217 foot- 
pounds. The notched-bar specimen is fixed at its two ends 
as a beam, and is struck in the centre behind the notch by 
the hammer striking edge. 
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The hammer arm swings through an angle of ab(^ut 154|° 
before striking the specimen, and is released by withdrawing 
a spring plunger, or trip; after striking, the fiammer is pre- 


0 



Fio. 112.— The Chaepy Impact Machine. 


vented from swinging back upon the fractured parts by 
means of a hand-lever-operated brake which consists of a 
serrated band almost coincident with the line of swing of the 
lowest part of the hammer. When the hand lever is pulled 
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towards the operator, the forward end of this band is lifted 
so that the hammer is wedged or caught by the band. 

A hand-opefated worm and worm wheel are provided for 
raising the hammer to its starting-point. 

The results of tests made upon this machine are consistent 
with the Izod results. 

Large Impact Machine. 

A large machine of the pendulum type, designed by the 
author, is fitted up in the engineering section of the National 
Physical Laboratory, and is employed for breaking railway 
couplings of statical tensile breaking load up to 100 tons. 
The specimen is carried upon a swinging pendulum or anvil ” 
of nearly 5 tons weight, whilst the hammer, which weighs just 
under 2 tons, has a variable drop up to 12 feet. The residual 
energy after fracture is measured either by the final heights 
of swing of the pendulums or by means of a constant frictional 
resistance device, actuated by the anvil. The specimen can 
be broken either by a single blow or by a number of blows. 
An electrical device is employed for stopping the hammer 
after impact, and self -recorders for indicating the angles of 
swing. In all types of pendulum impact machine it is neces- 
sary to ensure that the striking face or edge is at the centre 
of percussion of the lever. 

The Cambridge Repeated-Impact Machine. 

This machine, shown illustrated in Figs. 113 and 114, was 
designed by Dr. Stanton, of the National Physical Laboratory, 
and is made by the Cambridge Scientific Instrument Company. 

The specimen consists of a round notched bar H (Fig. 113), 
held in a chuck at one end and resting upon knife-edges at 
t4iis end and at the other, and it is subjected to a series of 
blows from an almost horizontal tilt hammer E pivoted at G, 
Between each blow the specimen is rotated through 180°, 
so that it receives alternate blows upon opposite sides. The 
hammer is operated by means of a lifting rod C, supi)orted 
upon a roller D, the locus of the end of its path being the oval- 
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shaped curve E. At this end the rod is bent at right*angles, so 
that on the up-stroke it engages with and lifts the hammer 



head. Having reached the top of its stroke, the lifting rod ( 
slides forwards and disengages the hammer, which then falls 
freely upon the specimen H. 


Fig. 113 — The Cambridge Repeated Impact Machine. 
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The number of blows delivered varies from 70 to 100 per 
minute, and the height of fall can be varied from 0 to 3 J inches 
by sliding the roller bearing D along a scale M, which is 
graduated to read vertical heights, directly. 

The specimen is usually of about J inch or 12 millimetres 
diameter, and is supported upon knife-edges inches or 
114 millimetres apart. A simple form of spring mechanism 
is provided for keeping the specimen stationary during the 
period of the blow. 



The number of blows required to fracture the specimen is 
taken as a comparative measure of its shock-resisting qualities. 
A revolution counter, to record the number of blows struck, is 
fixed to the base of the instrumeiit. When fracture occurs, 
the specimen falls away, and the hammer head drops on to a 
steel stop pin, tripping an electric switch on the way, and thus 
cutting off the electric current to ihe driving motor. 

The Eden-Foster Repeated-Impact Machine. 

T 

In this machine,* which is shown illustrated in Fig. 115, 
the notched or grooved specimeil is struck by means of a freely 
faffing vertical hammer, and, as in the case of the machine 
previously described, is rotated through 180° between the 
blows. 

♦ Manufactured by the Foster Instrument Company, Letehwortli, Reits 
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The illustration in Fig. 115 gives a general idea of the ex- 
ternal appearance of the niaclime. The whole oi the meehanism 
is secured to and su 2 :)ported by the main casting, which also 
acts as cover to the tank or box casting. Projecting through 
the side of the tank, but not seen in the illustration, is the 
main spindle. This may be driven by a 1-inch belt from any 



Fia. 115. — Thk MDiiN-^^usTER Imp\ct Machine. 

convenient countershaft, or alternatively by an fjeetric motor ^ 
with suitable gear or worm reduction. The power required 
is about horse-power. * 

The main spindle carries a dog clutch normally in engage- 
ment and driving a cam. A roller bears on the upper surface 
of the cam, and is attached to the lower end of the rod H. It 
is guided so that it rises and descends at each rotation of the 
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cam. Fixed on the rod H is an arm J which engages with the 
lower face of tilie hammer M ; thus, when the rod H rises, 
by rotation of the cam, the hammer M is also lifted. The 
hammer slides freely between two sets of three- joint guiding 
screws, these screws being carried by the two castings seen 
attached to the standard G and its fellow on the opposite side. 

Mounted upon the standard G is a sleeve W, free to rotate 
about the standard, but normally hold in a fixed position by 
the spring L. Clamped on the sleeve W is an adjustable 
catch K. ‘ As soon as the arm J has lifted the hammer M 
sufficiently, the spring L causes a partial rotation of the sleeve 
W, so that, when the arm J again descends, the hammer is 
held by the catch K. • The further descent of the arm J brings 
its lower inclined face in engagement with the roller arm N, 
attached to the sleeve IF, in such a manner that the catch K 
releases the hamim^r M, allowing it to fall upon the test 
piece 0. 

The test piece, whose size and details are further discussed 
below, is carried by two hardened steel bushes in the Plummer 
blocks PP. It is rotated through 180^ betw(‘en successive 
blows. One end of the test piece is slotted to engage with a 
universal joint drive, and is ke})t in engagement by a screw E. 
The universal joint is driven, through a tree wheel and clutch 
T, by the chain S. One (uid of the chain is attached to the 
roller, bearing on the cam already d(‘scribed, and the other end 
carries a weight suitably guided ; tlie rotation of the test piece 
begins and ends entirely between the successive blows. 

The revolutions of the test ph^ce arc recorded by a counter 
V, and, of course, the number of blows is found by multiplying 
the counter record by 2. When the test piece breaks, it 
•comes in conlact with an arm X, and thereby trips the clutch 
and .stops the machine. The t^ank is partially filled with oil 
to provide efficient lubrication of the cam and other surfaces. 

The hammer M is shod with a tup of hardened tool steel. 
The height of the drop depends on the position of the ad- 
justable catch K on the sleeve W, and may be varied from 
about 1 to 4| inches (25 to 113 millimetres). To allow a wide 
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range of tests, two hammers are provided, weighing 5 and 2 
pounds (2-2() and 0-9 1 kilogrammes) respective^. 

Using the 5 -pounds hammer the main spindle may be driven 
at any speed up to about 60 revolutions, or with the 2-pounds 
Jiammer up to about 90 revolutions, per minute, giving 60 
and {)0 blows per minute respectively. 

The machine is adapted for test pieces of dimensions similar 
to those adopted by Dr. Stanton; these are illustrated in 
Fig. 116. It will be seen that a V-notch is cut in the region 
of impact to localize the stresses. The angle at \he bottom 
of the V is 90'\ and is made as sharp as possible. As an alter- 
native a semicircular groove, as shown in Fig. 116, B, may be 
used, and such a groove appears to offer several practical 
advantages over the V-groove. Referring to Fig. 116, A, it 
may be assumed that the action of the hammer, when it falls 
uioon the test piece, is to produce a very slight but sudden 
bending at the section of smallest diameter — that is, at the 
bottom of the groove, as indicated diagrammatically in 
Fig. 116, D. This will produce^^n area of compression at .1, 
and wdll tend to start slipping between the crystals, due to 
tension, at B, Of course the pro(*ess is reversed at the next 
blow, because the test piece has been turned through 180' in 
the meantime. 

It will be admitted that it is quite impossible to turn a groove 
having a true geometric angle; there must be some minute 
curve at the bottom of the groove. The siz(5 of this curve will 
determine the axial extent of the regions of compressive and 
tensile stresses. Since this size is in any case very small, with 
a nominally sharp V it is obvious that the variation between 
the size of curve in different test pieces will be relatively large, 
and will tend to introduce an element of uncertainty into tb'e 
test results. It may be argued, in addition, that since no 
capable engineer would design a machine with a sharp re- 
entrant angle, the conditions of test are largely artificial. 

Another shape of sample has been proposed, as shown 
in Fig. 116, C, having a relatively large portion of reduced 
diameter, but this is not advised. The end of fhe tup of the 
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hammer, being a piano surface, will bear upon the test piece for 
a considerable length parallel to the axis of the test piece. 





and it is probable that, owing to the minute bending of the 
test piece, the local stresses at the ends of the a^reo. pf contact 
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are greater than at the plane equidistant between the points 
of support — in fact, it has been found that \yth test pieces of 
this shape fracture will begin at the point coinciding with the 
end of the area of contact between the tup and the test piece. 
There is a further disadvantage that the action of the blow 
will distort the cross-section of the material at the plane of 
fracture. 

The results of tests upon mild steel specimens showed that 
the results were more' consist(‘nt with semicircular than with 
V-groovc'S, the number of blows for fracture in l^ie one case 
varying from 410 to 590 for dilTerent radii of grooves, and 
from 8 to 200 for the same V-groove. For the saim^ radius of 
groove (viz., 0*00 inch) the variation was from 548 to 5‘)0. 

Spring Testing Machines. 

For statical tests of springs of difT(‘rent types machines of 
very simple design are now available, these, in general, consist 
of a screw or hydraulic loading dewiee and a weighing apparatus 
similar to that employcal upon tensile-testing machines. 
Means are provided for running on the load, usually by means 
of belt-driven pulleys and gearing, and gauges arc fitted for 
indicating the deflections of the springs. Fig. 117 shows a 
typical form of static spring testing machine suitable for 
compression and tension springs of all kinds including s])iral 
and laminated leaf springs of railway and motor-car type. 
Th(‘. load is ap[)lied by fneans of a square- threaded screw, 
provided with a level gearing, belt-driven, a ball-bearing thrust 
washer being i)rovided to t^ke the thrust of the screw. The 
deflection is measured by the movement of ’the screw itself. 

The machine illustrated can be adapted to fatigue or shock 
tests by the provision of a belt-driven hamnier action up«n 
the spring whilst under an ijiitial static load. 

Machines have also been devised for testing springs with 
repeated loads, similar to those experienced in practice. 
This mode of testing springs is undoubtedly the more useful 
one, as it reveals the fatigue properties of the material and 
spring design qualities. 
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Fig. illustrates a convenient repeated loading spring 
testing machine made by Messrs. Buckton and Company. 
This type is made in sizes for maximum loads of 12, 25, and 
35 tons respectively, the corresponding movements of the 
reciprocating ram being 20, 22, and 22 inches respectively. 

The maximum lengths of laminated springs provided for 
are 00, 00, and 110 inches respectively, and the maximum 
heights of same 30, 34, and 34 inches respectively. Coil 
springs can also be tested in tlies(^ machines. 



Fin. 117.— The Bmi.ev Spkixc Testing I\1a{ iiinf. 


The load is ap})lied to the sprang by means of a po\V('rful 
reciprocating ram, adjustable for position and h'ligth of stroke 
and actuated by a crank disc which is supported round the 
whole of its periphery. This disc is driven by means of a 
worm wheel of large diameter an^l a case-hardened steel worm 
from self-contained belt pulleys, a heavy flywheel being em- 
ployed in the larger machines. A friction brake is provided 
for quickly stopping the machine. The weighing arm is fitted 
with roller carriages for supporting the ends of the laminated 
springs, and is provided with a wedging mechanism by means 





Fit) liS. — T iik Bih'Kton .Viur vroiiv Simiiwj Tkstino MAchink. 

» 

# 

a])])ly the load at a ^iveii rate, and to know tlie value of the 
load, and th(' extension of the spcadnien at any moment 
during the test. 

The Avery* testing machine, which is shown illustrated in 
Tig. lid, is very convenient for making tests upon fabrics 
* Manufaclurc'cl by JVle.ssrH. W and T Avery, Ltd , Birmingham 
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Fig. 119 . —The Aveky Textile Material Testing Machine. 
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of all kinds. In this machine lead shot is allowed to flow from 
the upper cylindrical receiver, supported on t(je fixed framing 
of the machine, into a receiver upon one end of the weighing 
arm. Gearing, hand operated, is provided for taking up the 
elongation of the specimen, and for balancing the load due to 
the falling shot. 

The speciinens accommodated in this machine can vary in 
length up to 28 or 30 inches, and in width up to 0 inches; 
they arc held in corrrugated gun-metal clamps* by means of 
two milled elamf)ing screws, and a universal joint is provided 
between the upj)er (ilamp and the weighing ariu lever. 

Ihc weighing systcmi consists of a main lever and a steel- 
yard, both of Avhich are of mild ste(‘l. fitted with bearings 
carried on the main standard. 

The steelyard is graduatcal at both back and front. The 
front graduations range from zero up to 200-pound by 1-pound 
divisions. The graduations at the back of the steelyard range 
from zero up to 40-pound by l-])ound divisions. The front 
graduations are for us(' when tlie machine is arranged with 
compound levers. 

When more exaiT readings ar(‘ requinal for smaller speci- 
mens. th(‘ weighing system is turned round upon th(‘ standard 
so as to bring the rear knife-edg(‘ of th(‘ steelyard directly ovct 
th(^ spedmen. The st(‘elyard then acts as a single lever, 
and the back graduations an^ us(‘d. 

The end of thc' ste('lyai*d is fitted with a hardened steel 
knif(‘-(‘(lg(\ from which a receiver can be suspended. 

A spring balance is interposed between thi‘ receiver and the 
steelyard, the dial of which is graduated to* the maximum 
load— fc., up to 1200 ]){)unds, by divisions of 5 pounds, and 
240 pounds, by subdivisions of I pound, respectively. Thifl 
enables the operator to read the approximate load on the 
specimen during the test. An upper reservoir is carried by the 
main standard, and line shot is allowed to flow from this to the 
receiver. A graduated slide is inserted in thc down tube to 
the reservoir, and is arranged to regulate the rate of flow of 


* See Fig. 80, p. 182. 
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shot, so that the load is applied to the specimen at 500 pounds 
per minute, or as required. 

A cut-off arrangif^ment is provided by which the flow of 
shot is automatically cut off when the specimen breaks. This 
is operated by the steelyard when it falls to the bottom of the 
carrier. A baffle arrangement is also fitted to a bracket 
attached to the main frame. This diverts the flow of shot into 
a supplementary receiver at the side of the machine, whilst the 
steelyard is falling from its horizontal position towards the 
bottom of the carrier, thus preventing any increase of the 
strain until the steelyard is raised by taking up the elongation 
with the handle. 

The baffle consists of a swinging portion, pivoted upon a 
bracket attached to the standard and balanced in either 
direction. A connecting-rod between the steelyard aiid the 
baffle causes the latter to swing with the rise and fall of the 
steelyard, thus diverting the flow of the shot over the dividing 
ridge of the fixed baffle either into the weighing or the sup])Ie- 
mentary receiver. When the steelyard roaches the bottom 
of the carrier, the cut-off arrangement is operated, coiiipletely 
shutting off the shot supply. 

The object of the stretch balancing gearing is to enable the 
operator to take up the elongation of the specimen as the 
strain increases, so that the weighing system is kept in equili- 
brium. 

It consists of a hand wheel gearing through bevel wheels and 
change gearing to a rotating nut which moves the straining 
screw in either direction. Two spindles are fitted, and the 
hand wheel can be fixed to eitlier at will. A set of change 
wheels giving six different speeds is provided, the maximum 
and minimum being in the ratio of 36 to 1. 

The method of making a test is as follows: The specimen 
being connected to the holders, the shot is allowed to flow from 
^ the reservoir into the receiver, and the elongation taken up 
with one of the changes of gear, thus keeping the steelyard 
floating index midway in the carrier. For low capacities a 
quick speed is used for the strain, and the weighing apparatus 
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is turned round, so that the steelyard can be used as a single 
lever. The maximum load in this arrangement is 240 pounds. 
For high capacities a slow speed is used, and the main lever 
and steelyard are compounded. 

When the specimen has broken, the receiver containing the 
shot is emptied into the can suspended from the link-hanging 
from the rear knife-edge of the steelyard, and there balanced 
by means of the loose proportional weights and the sliding 
poise. 


Hardness Testing Machine for Brinell Tests. 

Fig. 120 illustrates a convenient form of lever machine for 
making Brinell tests, which possesses certain advantages 
over the ordinary hydraulic machines. 

The specimen to be tested is placed upon the circular table, 
which is then screwed up by means of the handle shown near 
the table, until the hardened spherical ball is just in contact 
with the specimen. The load is applied by means of a cranked 
lover, through the worm, worm wheel, and screw shown in 
the diagram, under the specimen table. 

To perform a test the specimen is placed upon the ball- 
seated table, and by throwing out a latch the worm is dis- 
engaged, thus allowing the worm wheel, which presses against 
a ball race, to be used as a hand wheel to quickly bring the 
specimen into contact with the ball; the latch is then thrown 
in and the worm engaged, load being aj)i)lied by means of the 
cranked handle. 

With the poise weight u}3on the beam set at either the 
50()-kilogrammo or 3000-kilogramme position »upon the scale 
of the steel arm, when this load is reached the beam raises 
in a gate, which is made opzn ” so that there no possibility, 
of the arm striking a top stop and thereby increasing the load . 
Pressure is then released and the specimen removed, the 
diameter of the impression being measured with a microscope, 
and the corresponding hardness number found from tables 
supplied. 

In the hydraulic instrument a small hand pump supplies 
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oil pressure to the hardened ball plunger, and when the load 
is either 500 kilograinmes or 3000 kilogrammes, the oil pressure, 
acting upon a small aecurately ground plunger, raises a corres- 
ponding weight* until it ‘‘floats”; an hydraulic pressure 



Fig. 120. — 1'he Riehle Biunele Hardness Testin(5 Ma( iune. 

gauge is usually ])rovided for giving a rough idea of the load 
upon the ball plunger. The lever form of machine is more 
simple and convenient to use, and can be readily calibrated. 

* The ratio of the weight upon this plunger to the standard HOO- kilo- 
gramme or 3000 -kilogram me weight will bo as the respcetive areas of the 
ball and floating plungers. 
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Machines for Testing Bearing Metals and Oils^ 

Special tewting machines for determining the relative and 
absolute frictional and wearing qualities of white metals, 
bearing metal alloys, and oils, are now in fairly wide use, and 
it is i)ossiblo to ascertain the wearing, frictional, and heating 
properties of bearing materials Avith them, under different 
conditions of 2 Jressure and rubbing speed. 

In the case of a bearing metal it is necessary that it shall 
be able to withstand high bearing pressures at high rubbing 
S 2 )eeds with the minimum of wear, and sliall 2 )ossess as low 
a coefficient of friction as jAossibh^; this latter condition 
ensures a minimum cx 2 )enditure of x^ower in overcoming bearing 
friction, it is also necessary that the heat conductivity of the 
material shall be high, in order to conduct away any heat that 
may be gcmerated, aj)art from considerations of oil-sup])ly. 

Eig. 121 illustrates a convenient form of testing machine 
designed by Professor R. H. Thurston, and made by Sir 
W. H. Bailey and Company. Referring to this diagram, it will 
be seen that the machine is of the pendulum tyi^e, the weight 
of the pendulum IIJ coming upon a bearing of the material 
to be t(‘sted, an independent shaft .-1 through the bearings 
being belt driven by means of the pulh'ys B. The bearings 0 
arc soffit through their centre, and pressure is ap^died to the 
brass caps D by means of the spiral comi:)ression spring L, 
the amount of the ju’essure being regulated by means of 
the nut I. It is arranged that equal j)ressure is aj^jffied to 
both sides of the bearing by making the lower end of the sj^ring 
act on the joendulum casing and thence upon the iq^per bearing, 
whilst the upper end of the spring acts directly upon the lower 
bearing. An indicating scale N shows the total bearing ' 
pressure, and, for standard bcjarings, the pressure per square 
inch. 

The effect of bearing friction, when the shaft is running, 
is to tend to carry the bearing and its pendulum attachment 
around with it, until the moment of the displaced pendulum 
weight equals the frictional moment. 
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Thus, if c?=diameter of bearing in inches, P— total pressure 
on bearing in 'pounds, R=distance in inches of the C G. of 
pendulum from the centre of bearing, W = weight of pendulum, 
and ^=arc of swing when shaft is running. 


Then Moment of Friction =/x * P ' 2 Pounds inches, 

And Moment of Pendulum =WR sin 0 pounds inches; 

2WR sin 6 

Whence the Coefficient of Friction /x= — ‘ 



Fig. 121. — The Bailey-Thueston Oil and Bearing Metal Testing 
Machine. 


The pendulum arc scale can then be graduated in terms of 
the coefficient of friction for a definite load P. In the machine 
described the coefficient of friction is equal to the arc scale 
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reading divided by the total pressure (which can be read off 
the scale N). 

The temperature rise of the bearing may be read off the 
thermometer G, the bulb of which is immersed in a mercury- 
filled recess in the bearing D. 

The total number of revolutions and the rate of revolution 
made by the shaft can be read off a tachometer or speed 
indicator X. 

In one form of Thurston tester a continuous record of the 
movement of the pendulum arc is made during a test, so that 
variations in the coefficient of friction can be readily followed. 
The rubbing speeds can be varied up to 73G f(;et per minute. 
In endurance tests it is usual to ascertain the variations of 
temperature and coefficient of friction during the period of 
the test, and to measure the amount of wear by weighing the 
bearings botli before and after the test; in each case the bear- 
ings are well washed in petrol before weighing. In the Cornell* 
oil and bearing testing machine, the journal measures 
3J inches diameter by inches^long, giving 7 square inches 
projected area; a maximum load of 700 pounds per square 
inch can be applied, the total load being measured by a weigh- 
ing arm and travelling jockey weight. Tlie wear is ascer- 
tained after a run of one million revolutions at rubbing speeds 
up to 500 feet per minute 

Other Methods oi Stress Determination. 

In numerous examples occurring in practice it is incon- 
venient, expensive, or impossible to determine the behaviour of 
certain members, bodies, or structures under loads applied 
in testing machines, so that indirect methods have to be 
devised. 

The method of making a scale model of the structure in 
the same material and loading same under similar conditions 
has already been mentioned, f 

* Made by Messrs. Olsen, of Philadelphia. 

|- See p. 3. 
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In certain instances much useful information can be ob- 
tained by makj ng small-scale models of beams, struts, and 
ties, and measuring the deflections under loads and noting their 
manner of failure. 

Scale-Model Tests. 

The author has made a number of scale-model tests upon 
built-up struts and aeroplane wing spars by employing good- 
quality Bristol board, and was able to predict with accuracy 
the breaking loads of the full-sized members, which were 
subsequently made and tested to destruction. Froni prelimin- 
ary direct tensile and com[)ressive tests the ultimate strengths 
were known, and the crippling and buckling loads were re- 
ferred to these v^alues. The manner in which dillerent designs 
of built-up struts and beams failed was investigated, and 
places of weakness were strengthened until the maximum 
strength for weight was attained. It was generally found 
that in built-up sheet-metal members there is a deflnite 
relation between the thickness of metal and the dimensions 
of the sides or cross-section for maximum strength for weight. 
Buckling and secondary flexure occur at considerably smaller 
values of the compressive stress than the true ultimate value, 
and in such cases, where the thickness of the walls or sections 
is not sufficient, the ordinary methods of calculating working 
stresses do not apply. c 

The Strain Method. 

The stresses in certain complex structures may often be 
deduced from measurements of the strains in dift’erent direc- 
tions when loads are applied. An example* of the principle 
ijivolved is illu^strated in Fig. 122, which shows the values of 
the stresses at different distances from the neutral axis of a 

V 

rolled-steel I beam under load, as deduced from extensometer 
measurements of the stresses. In this case the bending 
moment was uniform over the length of beam investigated, and 

* From “The Measurements of Stresses in Materials and Structures, ” by 
E. G. Coker, Cantor Lectures, 1914. 
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the stresses were within the clastic limit. The value of the 
elastic modulus for tlie steel used was 3-1 10^ pounds per 

square inch ; obviously this method is only directly applicable 
to materials obeying Hooke’s law of elasticity, unless the 
stress-strain relation is known. 

The strain method has been applied to determine the stresses 
in bridges, ships, boilers, and in similar cases; in all such cases 
it is necessary to measure the strains over as short a length as 
possible, otherwise the average stresses deduced will be the 
values over a distance. 

Eor complex structures and for surfaces of various shapes, 
such as boilers, it is often convenient to use mirrors attached 
to the surfaces, and to arrange for their angular changes to be 



measured by means of reflected rays of light jnoving along 
a scale, or by telescopic observation; strains should be measured 
in at least two dilTcrent directions. 

Another method of studying the behaviour of members 
and bodies under load is to make a scale model in india- 
rubber, and to measure the strains in different directions 
under load ; it is well known that the distributions of stress 
in different elastic bodies of similar shape are the same within 
the elastic limits, so that the stress distribution in a body is 
deducible from that measured in a scale model of another 
elastic substance. 

When india-rubber is employed,* owing to the slowness 

* Also seew Vol. II., Chapter X , for the mcohanical properties of rubber. 

I. J6 
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(usually several hours) with which the material yields or 
recovers, sufficiient time must .be allowed before the strains 
or deformations are measured. 

From measurements of the strains in the directions of the 
principal stresses — that is to say, from the values of the maxi- 
mum and minimum strains — the values of the principal 
stresses p and g may be inferred from the relations — 

p='E (e^-ae^) - - - (1) 

{e.^-ae^) - - - ( 2 ) 

where E is the elastic modulus, o- is Poisson’s ratio,* and 
and the principal strains. 

In the case of flat-surfaced members the values and direc. 
tions of the principal strains may be obtained by marking the 
surface with circles of appropriate size before loading, and 
measuring the axes of the elliptical shapes resulting from the 
load application. The surface, thus marlced, nlay be photo- 
graphed before and after loading. 

This method has been appliedf to determine the relative 
values of the stresses across a tension member having holes 
drilled in it ; the effect of the presence of holes upon the stress 
distribution will be seen from Fig. 123 to be very marked. 

Near the edges of the holes the tensile stress is greatly in- 
creased, and there is a transverse compressive stress due to 
the rivet resistance. 

The problem of the stress distributions in masonry arches 
and dams has been studied experimentally by means of strain 
measurements from scale models made of an easily deformable 
substance under light loads, such as rubber 

, The Thermal Method. 

Another method occasionally employed for determining 
the stress at a given point (as distinct from the value deduced 
from the strain over a definite distance) depends upon the 
change of temperature resulting when stress occurs; within 

* Seo p. 11. 

t By Messrs. Wilson and Gore. Vide Cantor Lectures, 1914. 
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the elastic limit there is a fall in temperature which is propor- 
tional to the tensile stress applied and to the coefficient of 
expansion, according to the relation — 


where t is the small fall in temperature accompanying a small 
tensile stress increase p, T the normal temperature (absolute) 



at the spot, a the coefficient of expansion, J the mechanical 
equivalent of heat, <9 the specific heat at constant pressure* 
and p the density. ^ 

The change in temperature is, however, very small for ordin- 
ary stresses, being about 0*12° C. per 10,000 pounds per square 
inch for steel, so that accurate methods of temperature 
measurement have to be used. Thermo-electric couples such as 
those of bismuth-antimony, employed with suitable galvano- 
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meters, can be made to indicate temperatures to 0*001° C., 
and are therefore generally employed for this purpose. 

Beyond the elastic limit in tension there is a more marked 
temperature rise, which, necessitates the use of a different 
temperature scale; the shear stress, moreover, within the 
elastic limit does not appear to be accompanied by any 
temperature change, so that this somewhat simpliffes matters. 
This method, which is, however, not a convenient (although 
a useful laboratory) one for commercial purposes, has been 
used* to determine the stress distributions in model beams, 
girders, and joists of various sections. 

Optical Stress Determination Methods. 

An interesting opti(*al method of determining stresses is 
based upon the discovery of {Sir David Brewster’s in 1810 
that when a beam of plane polarized light is j^assed through 
a stressed transparent plate or body, and the beam is viewed 
through a Nicols prism or projected through same, a I’^miark- 
able colour effect is apparent, from which the directions and 
intensities of the principal stresses may be deduced. 

This method has of late years been developed and utilized 
for the solution of complex stress problems by Coker, | Filon, J 
A. R. Low,§ and others. 

The effects observed depend upon the property acquired 
by the transparent material, under load, of doubly refracting 
the Ught passing through it. The effects are not observed in 
the case of ordinary light, which may be regarded as consisting 
of transverse vibrations in all 2 :>hincs, and in order to examine 
the effects of double refraction it is necessary to rob the light 
of all of its transverse vibrations except those in one plane 

c 

* See “The Measurement of Stresses in Materials,” by E. G. Coker, p. 15, 
Cantor Lectures, 1914, Jonrn. of Roy. i^oc. of Arts. 

f Engineering, January 6, 1911; March 3, 1912; December 13, 1912; 
March 28, 1913; Cantor I^ectures, 1914. “ Photo-Elasticity for Engineers,” 

i*roc. Inst. Autom. Engineers, November, 1915. 

X Phil. Mag., 1912, and Proc. Camb, Phil. Soc., vols. xi. and xii. 

§ “Stress Optical Exi^eriments,” by A. K. Low, Aerow, Journ., December, 
1918. 
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by passing the beam through an Iceland spar prism. Fig. 124, 
which is reproduced from Professor Coker’s pajjer of November, 
1917 (reference to which is given in the footnote on p. 214), will 
serve to briefly explain the principles involved. 

The beam of light is caused to pass through a prism of 
Iceland spar A, cut in a particular manner; this prism polarizes 
the light — that is, it allows only those transverse vibrations 
joarallel to its principal plane to pass through it — so that the 
emerging beam B has transverse vibrations in one plane only. 
C denotes a piece of transparent material stressed in its plane, 
which is normal to the beam of light, and the effect of passing 
a beam B through such a plate is to divide it up into two 
plane polarized waves /) and E, which have the same directions 
as those of the principal stresses in C, but which differ in phase 
by an amount which is proportional to the difference between 



124. — The PiUNCirLE of the Optical Method of Stress 
Determination. 


the principal stresses p and c/, in the transparent stressed 
material, to the thickness of the stressed plane, and to the 
j^iarticular material employed. In order to observe the optical 
effects of these two mutually perpendicular transverse wave 
systems, a second polarizing prism F is employed, having its 
principal plane at right angles to that of * 

The interference effects of the two wave systems D and E 
are then observable by the increased intensity of the light at 
some places of the stressed^platc and by the decreased in- 
tensity of other places, when a beam of unicolourcd light is 
used. When the stressed plate is viewed with ordinary white 
light, the mutual interference of the waves D and E, after 
passing through the polarizer F, is evident in the marked colour 
effects seen over the stressed specimen. 
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The dark spots produced when the specimen is viewed 
through a polarjzer occur at places where the directions of 
principal stress correspond to the principal planes of the 
polarizers A and F. By rotating the mutually at right angles 
combination A and F the whole specimen may be mapped 
out into a series of dark spots or lines, denoting the positions 
of the axes of principal stress for the whole of the specimen; 
in this manner the principal stress directions can be obtained 
for the stressed specimen.* 

This method of ascertaining the stress distribution has been 
shown to give reliable results Avhen the elastic properties of 
the transparent material are similar in effect to those of the 
metal to be investigated. For metals such as steel and iron, 
which vary from the elastic to the plastic states when stressed 
beyond the elastic limit, nitro-cellulose is a good optical 
material. J^^or brittle metals, such as cast iron or hardened 
steels, glass is suitable, as it possesses similar elastic properties. 

This optical method has been successfully applied to the 
experimental solution of the problem of the stresses over a 
drilled plate tested in tension, to the stresses in loaded hooks 
and rings, the stresses in loaded crank shafts, to the distribu- 
tion of stress in a large compression block loaded over a 
relatively smaller definite area, and in the design of the eye- 
pieces of tension members or stays, f The reader is referred to 
the original papers for a full account of these interesting 
experiments, the results of which throw much light upon 
hitherto obscure problems. 

Fig. 125 shows the values of the tangential stresses at the 
boundary lines Oi a drilled flat plate tension specimen obtained 
by the above method; the height of the ordinates normal to 

f 

♦ The actual values of the stresses may be determined by comparing 
the observed colour intensities with thrse of a strip or block of similar 
material under simple tension or compression of known amount, placed 
^ alongside the member in question, and viewed with the same optical 
apparatus^ 

t Also to the problem of the determination of stresses in aeronautical 
structures. “Stress Optical Experiments,” A. R. Low, Aeron. Journ.y 
December, 1918. 
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the boundaries is proportional to the tangential stress occur- 
ring there. The marked increase in tensile stress in the 
vicinity of the section through the hole perpendicular to the 


miiililtimi 






tq 

1 



1 


mTHT] 

RTmrr 



Fia. 125. — Tangential Stresses in Drilled Tension Member^ 


line of pull will be noted, and also the compression stress at 
the top and bottom of the hole. 

Fig. 126 shows the lines of the principal stresses in the pre- 



Fig. 126. — Principal Stresses in Drilled Tension Member. 


ceding case, as mapped out by the optical method described; 
it will be seen that the lines approach one another at the 
minimum section, and that they are also spaced unequally. 
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Where the* lines are close together there is a higher intensity 
of stress; for example, at the boundary of the hole. It will be 
noted that everywhere the two sets of stress lines are mutually 
normal, wherever they intersect. 

Fig. 127 shows the stresses at the fillets of a loaded crank- 
shaft obtained by the optical method, the intensities of the 



Fig. 127. — Stresses in Ckank-Siiaft Fillets. 


stresses being found by placing a tension member across or 
along the contour and loading it until a black field is jiroduced; 
this is an indication of the stress equality in the two members. 
The two sets of ’lines, or curves, shown in the diagrams arc 
for a single and a double load, respectively; the values of the 
maximum stresses at the two places shown are greater than 
those calculated upon the ordinar;^' beam assumptions. 


CHAPTER TV 


THE METALLOGRAPHY OF FERROUS MATERIALS^ 
Iron and Steel. 

Tkic present eonsiderations will be ehielly confined to the 
actual commercial properties of the ferrous metals, and to 
their heat treatments and ])rocesses; it is not proposed to 
go into the cpiestions of the metallurgical and cheinical opera- 
tions connected with the extraction and smelting of the ores, 
methods of production and derivation of the metals, and 
similar operations, but rather to considiT the constitution and 
properties of the resulting prodinds from the point of view of 
the application, treatment, and tt sting of sanu'. 

Classification of Ferrous Metals. 

It is of essential importan(*e to distinguish between the 
three principal products derived from iron ores — namely, 
wrought iron, steel, and east iron. 

Wrought iron,* as used commercially, is usually defined 
as slag-bearing malleable iron, practically free from carbon, 
which does not harden appreciably when heated to a red heat 
and suddenly cooled or quenched. 

The term ‘‘ steel ” is applied to iron containing from about 
0*2 and up to about 2-2 per cent, of carbon, which is malleable 
in some one range of temjDerature, and which fs capable of 
hardening by heating and quenching; it may be cast, initially, 
into a malleable mass (as in the case of cast steel). 

Steel also includes iron alloys containing carbon, with other 
elements, such as nickel, manganese, tungsten, chromium, and 
vanadium, which fulfil the conditions above defined. 

* For fuller particulars of its properties, see p. 289. 

249 
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Cast irdn is non-malleable iron containing much carbon, 
usually from about 2-2 to 5*0 per cent., and which does not 
harden appreciably when heated and quenched. 

Malleable cast iron* is a malleable iron obtained by treating 
cast iron without fusion. 

The following table, f represents in convenient form the 
generally accepted classification of ferrous metals: 


TABLE XLllI. 

Classification of Steels and Irons. 



Containivq very little 
Carbon {les^ than 
about 0*3 per cent.). 

Containing an inter- 
mediate (fuantity of 
Carbon (from about 
0*3 to 2*2 }/er cent.). 

Containing much 
Carbon ( from about 
2*0 to 5‘0 per cent.). 

Slag-bear- 
ing or Wold 
Metal Series. 

Wronqht Iron. 

P u d d 1 e d and 
blooinary, or char- 
coal hearth iron be- 
long here. 

Weld Steel. 

Puddled and blis- 
ter steel belonir here. 


Slagless 

or 

Ingot ; 
Metal 

/ 

Low-Carbon or Mild 
Steel (sometimes 
called Inqot Iron). 

May bo either 
Bes.scmer, open 

hearth, or crucible 
steel. 

Half Hard and Ihgh- 
Caibon Steel (some- 
times called Ingot 
Steel). 

May be either 
Bes.senier, open 

hearth, or crucible 
steel. Malleable 

cast iron also often 
belongs here. 

Cast Iron. 

Normal cast iron, 
“washed metal,” 
and most “ malle- 
able cast iron ” 
belong here. 

Series. 

\ 


. \lloif Steels. 

Nickel, mangan- 
ese, tungsten, chro- 
mium, and vana- 
dium steels belong 
here. 

Alloy Cast lions. 

S])iogeloisen, 
ferro - manganese, 
and Hilico-spicgcl 
belong here. 


Microscopic Examination of Metals. 

There are three principal methods J of examination of metals 
now in vogue — namely: (1) The Mechanical Test Method; 

* See Chapter V. 

t “Ency. Brit.,” 10th edition, vol. ix., p. 571. 
t As distinct from the X-ray method described on p. 254. 
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(2) The Chemical Analysis Method; and (3) The •Metallo- 
graphic or Microscopic Structure Examination Method. 

The first of these methods has already been dealt with in 
the preceding chapters; the second one belongs more to the 
domain of chemistry, and is based upon the results of analyses 
of metals; the latter method comprises an actual microscopic 
examination of the structures of the metals. 

Each method has its own sphere or field of usefulness, and 
in a large number of cases the methods are interrelated; for 
example, it is well known that the mechanical properties of 
metals and alloys depend upon their cheriiical composition. 
Apart from the chemical constitution, it is also of great impor- 
tance to know the manner in which the chemical elements are 
combined among th('m selves, for inetals of the same chemical 
cotnposition often differ widely in their mechanical properties; 
for example the properties of a given cast steel vary consider- 
ably with its mode of heat treatment, the hardening and 
tempering processes. 

It is here that metallography plays an important part, for 
it enables the actual structural constitution of the metals to be 
studied in detail, and affords explanations of hitherto obscure 
facts. For example, the causes of failure or fracture of metals 
under the action of stresses can be readily detected, evcai when 
there exists no knowledge of these stresses; or, again, the exact 
effects of such ])rocesses as heating, hardening, and annealing 
upon the arrangement of the particles constituting the metal, 
and upon the subsequent strength of the metal, can be definitely 
stated. 

Defects in metals due to incorrect heat tr^^atmont, over- 
heating, excessive rolling or drawing, foreign matter, over- 
strain, and other causes, can be readily detected without^ 
the employment of expensive chemical and mechanical 
methods. ^ 

Further, the effect of different amounts of carbon, phos- 
phorus, and sulphur in cast iron and pig iron can be readily 
examined, in reference to the constitution of the resulting 
metal. 
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Preparation of Specimens for Microscopic Examination. 

In the case metals which have failed in actual use, the 
specimens should be obtained as near the fracture position as 
possible. 

It is often useful to make a preliminary visual examination 
with the aid of an ordinary pocket lens, in order to trace zonal 
lines, places of growth of the fracture, slipping or relative 
sliding, and to determine whether the fracture is coarse or 
finely crystalline. 

The specimens, which should measure about 1 inch square 
and J inch thick, must be cut in two directions mutually at 
right angles. 

These specimens are next polished in a series of progressive 
steps, commencing with a file or by initial flat grinding, followed 
by coarse emery paper, smoother emery, and so on, down till 
the finest 0000 paper is reached; the next stage of fine polishing 
is then usually followed with the aid of a wheel covercd with 
two layers of thick khaki cloth, with a layer of diamantine or 
similar polishing powder between, using a securing ring to hold 
the layers together. The specimen is then held against and 
moved across the wetted surface of the cloth whilst the wheel 
rotates at about lOOOr.p.rn. ; the pressure upon the specimen 
is gradually reduced until a satisfactory polish is obtained. 
Hard metals are more easy to polish than soft metals, which 
are sometimes cast upon glass or mica sheets, instead of polish- 
ing. Special polishing machines, such as the Stead machine, are 
now available for this purpose; but hand polishing, if done 
properly, gives excellent results, 

The specimens can now be directly examined under a 
microscope with objectives giving a series of magnifications 
fcom about 20 up to 2000 diameters, for the detection of 
impurities such as slag, porosities, sulphides, etc. 

For the examination of the constitution of the metal it is 
necessary to employ special etching reagents, each depending 
upon the nature of the constituent it is required to investigate. 

The principle of most etching reagents is that they act as 
solvents, attacking certain of the constituents of the metal 
more readily than others, or that they refuse to attach, one 
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or more of the constituents, thus leaving these in “ relief,” or 
that they dissolve away the joints between adjacent grains or 
crystals. In some cases the reagent colours one of the consti- 
tuents differently from the others. 

The etching reagents of the solvent type employed include 
nitric acid, sulphuric acid, hydrochloric acid, alcohol solutions, 
ammonia, sodium hydrate, etc. 

For example, the structure of pearlite in steel may be de- 
veloped by using an etching reagent of 5 per cent, picric acid in 
alcohol; whilst the difference between brittle and non-brittle 
steels can be readily detected by using a 4 per cent, solution of 
nitric acid in iso-amyl-alcohol.* 

Another method of preparing polished specimens is known 
as the “ polish attack ” one, and consists in polishing ujDon a 
piece of wet parchment, held on a piece of wood, and moistened 
with a 2 per cent, solution of ammonium nitrate; precipitated 
chalk is also used to facilitate the i)olishing process. An 
aqueous extract of liquorice-root is also employed for the polish 
attack method, which has been successfully applied to the 
examination of steels for eementite, pearlite, sorbite, marten- 
site, etc. 

The method of bas-relief polishing consists in polishing 
upon a soft ground, such as leather, cloth, or rouged parch- 
ment, so that the softer constituents wear away and the harder 
ones stand out, polished in relief. This method yields good 
results in the detection of troosite, martensite, and pearlite. 

Another method, known as “ heat-tinting,^^ depends upon 
the fact that the different constituents when heated become 
differently tinted or coloured, the more oxidiz'able ones being 
coloured by the oxide tints. This method has been largely 
used by Stead, and is employed for detecting tlie presence of 
sulphur and phosphorus in irons and steels. 

X-Ray Examination of Metal Structures. « 

An interesting and, at the same time, very important 
method has recently been developed, and has been adopted by 

* For fuller particulars of various etching solutions and methods see 
“The Microscopic Analysis of Metals,” pp. 114 and 134, by F. Osmond 
and J. E. Stead. 
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several of the leading Continental and American engineering 
firms, for examniing the structiire of metals by means of a new 
type of X-ray apparatus.* 

With this system it is possible to detect flaws in a steel block 
of 4 inches thickness as small as inch in diameter, and to 
photograph the internal structure of component pieces, such 
as sparking plugs, engine cylinders, shell fuses, etc,, with the 
accuracy of a draughtsman’s drawing. It is also possible to 
detect differences of , inch in mica insulators. The most 
important application of this system, however, is in connexion 
with the examination of metals, the detection of air bubbles, 
flaws, blowholes, and similar defects in castings, f 

The method adopted employs a new type of vacuum tube 
invented by Dr. Coolidge, which possesses a vacuum about 
1000 times greater than the ordinary X-ray tube, and which 
requires a working voltage up to about 250,000 volts, associ- 
ated with a current of only from 1 to 3 milliampcres. 

The principle of the Coolidge tube is somewhat similar to 
that of the wireless thermo-valve; the ordinary X-ray tube 
discharge is increased to a considerable extent by making the 
cathode of a spiral of tungsten surrounded by a sleeve of 
molybdenum so as to focus the cathode stream. When the 
tungsten cathode is heated by means of a battery a stream of 
negatively charged electrons is emitted, the intensity of wliich 
can be regulated by means of the heating device. The anode 
during the exposure becomes very hot, and for rapid work it is 
necessary to have a water-cooled anode. 

The method of working is a i^hotographic one, the object 
to be examine'd being placed beneath a jfliotographic 2 >hite, 
and the X-ray beam directed through the metal object from 
flhe o] 3 posite side. By means of a special intensifier screen the 
exposure ordinarily necessary c^an be reduced by from i)5 to 
96 per cent. The ordinary rate of working is such that it is 

* For fuller particulars vide the Proceedings of the Rdntgen and Faraday 
Societies, April, 1019 et aeq, and “The Examination of Materials by 
X-Rays," Engineering, May 2, 0, and l(i, 1919. 

t This method is now employed for the internal examination of aircraft 
timber parts, such as glued or taped spars, plywood, hollow-members, etc., 
and for welded joints, etc. 
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possible to make sixty radiographs in a quarter o^ an hour; 
but very stringent precautions have to be takgn to protect the 
operator from “ X-ray burns.” He is placed in a s})ecial 
cabinet thickly lined with lead, and in another room the ajipa- 
ratus (also enclosed in a thick lead case), is placed. 

Constitution of Ferrous Metals. 

The results of microscopical examination and chemical 
analysis have shown that most m(‘tals have a constitution 
resembling the igneous and metamorphic rocks,* consisting 
of an aggregation of minute crystalline fragments or particles 
of two or more elenumts or substances; eacli particle has a 
definite entity, chemical composition, and physical properties ; 
tluTC are, further, different structure arrangements in different 
metals, corresponding, in the case of rocks, to the granitic, 
obsidian, scliistose, and other types. 

It has also been conclusively (h^monstrated that the consti- 
tuents of metals and alloys behave in a similar manncT to those 
of liquid solutions; for example, steel containing less than 0-9 
per cent, of carbon, and at a tcmiperature exceeding TOO"" 0., 
is a homogeneous solid solution of iron carbide^ (Fe.^f .^), known 
as Cemeniite, in an allotrotnc form of iron. When this solu- 
tion is slowly cooled down it deposits j)ure iron, until at a 
certain temperature — namely, at about 070'' — it solidifies 

into an “ eutectic ” or metallic mixture having a definite 
composition. If the original molten steel had consisted of 
more than 0-9 j^cr cent, of carbon the iron carbide would have 
solidified first, as cooling occurred, and at 070'^ 0. the mother 
liquor,” or pure iron, would have solidified.. The resulting 
mixture would then have 2 :)osscsscd a different constitution. 

• 

Definitions of Constituents. 

It may be as well, before q^roceeding further with the sub- 
ject of solid solutions and thermal changes, to define the 
different microscopic constituents of irons, and steels which 
commonly occur. These may be classified into six principal 

* These materials, like most metals, have been formed from the cooling 
of molten masses. 
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types and five other ones of lesser importance. The former 
series consists,^ of : (a) Ferrite, (b) Cementite, (c) Pearlite, 
(d) Martensite, (e) Austenite, (/) Troosite. Other constituents, 
including Hardenite and Sorbite, have also been found. 

The second series comprises the three allotropic forms of 
nearly pure iron, graphite, and slag. 

(a) Ferrite is the name given to what is probably pure iron 
grains or crystals, which are very soft and ductile. These 
crystals arc chiefly fragments of cubical crystals whic^h develop 



Fig. 128. — Nearly Pure Iron, showing Ferrite and Slag Inclusions 
(Dark Patches), x 100. 

around independent centres of solidification, and are mutually 
limited by roughly plane surfaces. Low carbon steels and 
wrought iron consist chiefly of ferrite, 

n Fig. 128 shbws the ferrite grains in carbonless iron, the dark 
spots being slag impurities. 

(6) Cementite. — This is a definite carbide of iron (FcgC) 
which is extremely hard, being harder than ordinary hardened 
steel or glass. It is considered to be as hard as felspar (No. 6 
on Moh’s* scale of hardness). This hardness property enables 


See p. 143 
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Fro. 129. — Steel oontainimo about 1*1 per Cent. Carbon, siiowino 
Pearlite and Cementite. X 400. 



Fig. 130. —O'l Carbon Steel (Mild), Etched, x 100. 


cementite to be readily detected and isolated by bas-relief 
polishing. 

Cementite increases generally with the proportion of carbon 
present, and the hardness and also the brittleness of cast iron 
is believec^ to be duo to this substance. 


1 


17 
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Fig. 131. — Steel gontaining 0-40 ter Cent. (Carbon, showing 
Peaklite and Ferrite, x 400. 



Fig. 132. — 0*60 Carbon Steel, Forged Condition. Etched, x 100. 

c 

^ Fig. 129 shows the ceinentite and pearlite in 1-1 per cent, 
carbon steel. 

(c) Pearlite is the name given to a mixture of ferrite and 
cementite, which occurs more particularly in medium and in 
low carbon steels in the form of fine lamellae, which^are usually 
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curved and interstratified with those of ferrite. This mixture 
derives its name from the fact that it sho^s, with oblique 
lighting, under the microscope the rainbow colours of the 
mother-of-pearl when the etching or polishing process has 
removed jmrt of the surrounding softer ferrite. 

Fig. 130 shows the darker patches of pearlite and the lighter 
grains of ferrite in the case of mild carbon steel. Figs. 131 
and 132 show the ferritic and pearlitic structure of 0-40 and 
0*00 carbon steel' respectively. 

It has been found that the proportion of pearlite increases 
from nothing in the case of pure carbonless iron up to 100 per 
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Fia. 133 .— Steel containino 0*0 per Cent. Carbon, practicallv Ai.l 
Pearlite. x 400 . 


cent., or saturation, for steel containing 0*90 ])er cent, of 
carbon as shown in Fig. 133; thus a 0*3 per eimt. carbon steel 
will consist of about 33 per cent. piNirliti', and the rest ferrite. 
Table XL IV, on p. 200 shows the relative proportions of 
pearlite and ferrite in carbon steels. It is,, then, charac- 
teristic of soft steels that they contain ferrite and pearlite, 
and that the hardness iifc^reases with the proportion of 
pearlite. 

Hard steels are mixtures of pearlite and cementite. 

In all cementation steels and steels cooled very slowly the 
cementite aggregates in particles of the largest size, and is 
therefore pnore readily discernible. 
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Fig. 131. — Steel gontaining 0-40 ter Cent. (Carbon, showing 
Peaklite and Ferrite, x 400. 



Fig. 132. — 0*60 Carbon Steel, Forged Condition. Etched, x 100. 

c 

Fig. 129 shows the ceinentite and pearlite in 1-1 per cent, 
carbon steel. 

(c) Pearlite is the name given to a mixture of ferrite and 
cementite, which occurs more particularly in medium and in 
low carbon steels in the form of fine lamellae, which^are usually 
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quenching of high-carbon steel from a slightly higher tempera- 
ture than the maximum temperature of the critical interval.* 
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l<'io. 135 .— Hardened Air-Hard enino hTEEL. Etched, x 50().« 


Martensite is found in the carbonized regions of case- 
hardened soft steels, hardened by quenching, but with the* 
lower proportions of carbon the needles are longer and more 
definite. Pig. 135 shows the martensitic-like structure of 

* Sec p. 266. 
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Fiu. 136 a.— Austenite and Hardenite in 1-57 per Cent. Carbon 
Steel. Poli.sh Attack, x 800. 
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hardened air-hardening steel, and Fig. 136 shows, the chief 
characteristics of this type of structure. 

(c) Austenite is another constituent of steef, obtained when 
carbon steel containing more than I *10 per cent, of carbon is 
heated above 1000° 0. and quenched at about 0° C. It is 
softer than martensite, and can be scratched with an ordinary 
sewing-needle; it usually occurs as a mixture with martensite 
or hardenite. 

The amount of austenite increases with the amount of 
carbon from nothing at 1-1 per cent, carbon up to about 70 per 



Fii;. 137. -Quenched Cahhon Steel, showing Background of Solid 
Solution with (Commencement of J)E(a)M position shown iiy the 
Olack Patches of Tkoositk. x 400. 

cent, at from 1 •() to 1 -S per cent, carbon; beyond this point it 
produces a separation of cementite, and therefore no longer 
increases. 

(/) Troosite is obtained by quenching steels during the critical 
interval* or transformation period. It occurs as a slightly 
granular, almost amorphous, and mammillated structure, and 
in quenched steel (from the critical interval), it replaces the 
ferrite, and is surrounded by another constituent known *as 
Sorbite. * 

Fig. 137 shows the structure of a quenched high- carbon steel* 
showing the background of solid solution, with commencement 
of decomposition shown by the presence of troosite (black). 

* Ar. 1..3. 
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Allotropic’ Forms of Iron. 

There are at least three allotropic modifications in the case 
of pure iron — namely, a iron, [S iron, and y iron, each of which 
has a corresponding temperature range. 

a iron is the weak, ductile, magnetic variety, stable only 
below the Ar. 2 point (Figs. 138 and 144) and is characteristic 
of ordinary wrought iron and low-carbon steel. 

/S iron is the non-magnetic kind, and is believed to be very 
hard and brittle, and is probably characteristic of certain self- 
hardening steels, such as the 7 per cent, manganese steel, 
and of normal carbon steel which has been hardened by 
sudden cooling. It is stable between the Ar. 2 and Ar. 3 
points. 

7 iron is also of the non-magnetic variety, and probably 
very hard, but ductile; it is characteristic of the 25 per cent, 
nickel and 12 per cent, manganese steels, and is stable only 
below the Ar. 3 point. 

Graphite is a component of grey cast iron, being present in 
very thin flakes or laminated plates in the proportion of from 
2*5 to 3‘5 per cent. When such cast iron is fractured the 
“ break ” occurs through the skeleton graphite plates; and the 
fracture therefore appears to be almost entirely graphitic. 

Slag. — This impurity of furnace origin is practically only 
found in the case of wrought iron, to the extent of about 0*2 to 
2-0 per cent,, as silicate of iron. It gives the “ grain ” effect 
in the rolling process, and can be readily detected as irregular 
dark blotches or patches in microscopic analyses. 

The relative hardnesses of the constituents of carbon steels 
and irons has been investigated by Boynton,* who gives the 
values in Table XLV. on p. 265. 

*The tensile strength of pearlite itself has been shown by 
Professor Dalby to be about 62 tonfj per square inch, and it has 
also been found that the tensile strength of a pearlitic steel is 
proportional to the sum of the pearlite tensile strength and 
the ferrite or iron tensile strength. 

♦ Journal Iron and Sled Institute^ 1006, p. 287. 
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hardened air-hardening steel, and Fig. 136 shows, the chief 
characteristics of this type of structure. 

(c) Austenite is another constituent of steef, obtained when 
carbon steel containing more than I *10 per cent, of carbon is 
heated above 1000° 0. and quenched at about 0° C. It is 
softer than martensite, and can be scratched with an ordinary 
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The amount of austenite increases with the amount of 
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cent, at from 1 •() to 1 -S per cent, carbon; beyond this point it 
produces a separation of cementite, and therefore no longer 
increases. 

(/) Troosite is obtained by quenching steels during the critical 
interval* or transformation period. It occurs as a slightly 
granular, almost amorphous, and mammillated structure, and 
in quenched steel (from the critical interval), it replaces the 
ferrite, and is surrounded by another constituent known *as 
Sorbite. * 

Fig. 137 shows the structure of a quenched high- carbon steel* 
showing the background of solid solution, with commencement 
of decomposition shown by the presence of troosite (black). 

* Ar. 1..3. 
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in the internal condition of the metal occur at certain definite 
temperatures, corresponding to allotropic, isomeric, or solu- 
tion changes, whi^h are evident as heat absorptions or 
“ arrests ” on the te^mperature-time curve. 

There are two types of changes which occur in the structure 
when the temperature varies at an uniform rate— namely, con- 
tinuous and critical changes ; the latter correspond to a sudden 
modification in the normal condition between a certain pro- 
perty and temperature. On heating and cooling temperature- 
time curves such changes are represented by discontinuity or 
the intersection of two branches of the curve. 

The temperature scale is divided into a number of intervals 
by these critical changes, each interval corresponding to some 
internal change in the constituents; each metal must experi- 
ence at least two such changes— namely, those corresponding 
to fusion and volatilization, but in many instances, such as 
in the cases of iron, steel, and non-ferrous alloys, other inter- 
mediate points of transformation occur. 

These thermal changes are valuable indications of the micro- 
graphic structural arrangements. 

Pure Iron Curves. 

When practically pur(‘ iron is left to (*ool from the molten 
state, and the tem})eratures arc plotted as ordinates at equal 
intervals of time — sa}^ every ten seconds — the cooling curve 
obtained will be found to r(‘senible that shown in Fig. 138.* 
It will be seen that there is one critical point at about 1530° 0. 
corresponding to solidification. 

The first ‘‘Urrest,” known as the Ar. 3 point, f occurs at 
about 860° C., and represents an allotropic transformation, 
* whilst the Af. 2 point, which occurs at about 750° 0., marks 
another allotropic transformation or change in the material, 
accompanied by a change, with further cooling, from the non- 
magnetic to the magnetic condition; at each of the arrest 
points evolutions of heat occur, which correspond to a yielding 

* Osmond, “ The Microscopic Analysis of Metals.” 
f This notation is due to Osmond. 
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up of energy. The next arrest, known as the Ar. ' 1 point, 
occurs at about 600° C. ^ 

The above example is somewliat analogous to the case of 
water solidifying into ice, and yielding up its latent heat of 
“ fusion ” in the process. 



The three arrest points Ar. 3, Ar. 2, and Ar. I, are also clearly* 
evident in the case of carbon steels containing less than 
0*35 per cent, of carbon. 

The effect of the presence of any impurities, even in a very 
small quantity, is to lower (and often to smooth out) the arrest 
points ; for example, these j^oints are invariably lower for iron 
containing carbon than for pure iron. 


btCREE5 CCNTIORAOE. 
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Bodies which are mixtures of several constituents will have 
several solidification points, each corresponding, as a rule, 
to one of the constituents. The inset diagram in Fig. 138 
shows the two solidification points for spiegeleisen,* which 
is an iron containing about 20 per cent, of manganese, at 
1085° C. and 1050° C. respectively. 



Fig. 139. — Heating and Cooling Curves for Steels 
Heating Curves - Cooling Curves 

A, Pure iron. D, High tensile steel G, 25 per cent nickel 

B, Case-hardening steel E, Air-hardening steel steel 

C, Carbon steel F, Stainless steel, H, Manganese sl^el. 

When iron is slowly heated right up to its fusion point, 
absorptions instead of evolutions Vf heat occur at the critical 
points ; the latter, however, occur at rather higher temperatures 
(usually from about 40° to 60° higher) than the arrest points 
obtained by cooling. Fig. 139t shows fhe heating and cooling 
curves for the different iron and steels indicated, the full lines 
corresponding to the cooling, and the dotted lines to the 
heating, curves. 

♦ See also Appendix I, “ Ferrous and Other Alloys.” 
f From Dr. Hatfield’s “ Steels used in Aero Work,” Aeron. Journ., 1917 
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In the example shown in curve R, Fig. 139, for case-harden- 
ing carbon steel, when the temperature is a litlje over 700° C., 
the pearlite constituent is changed into a homogeneous sub- 
stance, which is a solid solution of iron carbide. This critical 
change is accompanied by an absorption of heat which is 
evident upon the temperature curve J5, as an arrest point, and 
which is not shown upon the pure iron curve A. 

The magnetic change point still occurs at the same tempera- 
ture namely, at about 770° C. — but the allotropic change 
point, A.C. 3, occurs at a much lower temperature. 

In the case of the 0-6 per cent, carbon steel, the tempera- 
ture curves (G, Fig. 139) show that the upper critical 
points have been lowered, and are apparently joined up with 
the carbon change points at about 730° C. 

In this steel the major portion — ^namely, two-thirds — consists 
of the constituent pearlite, and hence it would bo expected that 
the corresponding critical points to those of jDure iron would be 
lowered (in temperature) and would be more marked; curve 
O shows that this is the case. 

The heat absorption, corresponding to solution during 
heating, occurs at 730° C., whilst the evolution of heat during 
cooling, which is associated with the solidifying of the ferric 
carbide solution, takes place at about 700° C. 

Referring to curve (r, Fig. 139, it will be seen that no critical 
points occur during cooling, or heating, over the usual range 
of working temperatures; it is for this reason that the 
25 per cent, nickel steel alloy is non-magnetic, its condition 
corresponding with the solid solution state. 

Similarly, in the case of 12 to 14 per cent, manganese steel, 
if heated up from the untempered state, and cooled suffi- 
ciently quickly, it retains the “ solid ” state and shows ng 
critical points. In the tempered state an arrest point is, 
however, evident, as shown in curve H, Fig. 139, in the 
neighbourhood of the carbon change point; the cooling curve * 
will not, of course, reveal any corresponding critical point. 
When this type of steel is cooled sufficiently rapidly it is 
found to be non-magnetic. 
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Solidification Curves for Alloys and Carbon and Iron— 
Eutectics.* 

It has already been stated that metals under varying 
temperature conditions behave in a somewhat similar manner 
to liquid solutions; this resemblance will here be considered 
more fully. 

When a solution of salt and water is progressively lowered 
in temperature it will be found to begin to freeze at a lower 
temperature than that of water alone. If a number of such 



solutions containing different proportions of salt and water 
be taken, and their initial freezing-points bo plotted against 
their percentage compositions, curves similar to ME and EN 
(Fig. 140) will be obtained. 

Consider any solution, such .as represented by PQR, con- 
taining 90 per cent, of water and 10 per cent, salt, when the 
temperature reaches the value denoted by P — namely, 
— 9° C. — the solution begins to freeze, and in consequence of 
the ice separating out first the remaining liquor becomes 
richer in salt, thereby causing a lowering of its freezing-point 
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along the line PE, ice separating out the whole time, until at 
— 22'' C., the “mother-liquor” remaining, which consists of 
about 23-5 per cent, of salt, freezes bodily. Sitnilarly, if a 
solution containing more than 23-5 per cent, of salt, as repre- 
sented by the point P^ be cooled, salt will s(‘parate out when 
its temperature reaches the value represented by and will 
continue to sc^parate out along NE, causing the remaining 
liquor to become ])rogressively \V(‘aker in salt, until, as before, 
at —22-5^0. the remaining solution will solidify bodily without 
further separation. 

Similar phenomena occur in the case of alloys when cooled 
from the fusion point. 



M ClT ' lyr G> 0 -^ 

Fig. Ul —Cooling Curves for Lead-Tin Alloys 

Lead-Tin Alloys. 

Fig. 141* represents the freezing-point curves of lead-tin 
alloys similar to bearing metals: this is a simple example, 
as most alloys are more comidex in their behaviour. 

In the first place, it will be seen that the solidifying-points of 

* From Cantor Lectures on “Alloys,” 1897, Profc.ssor W. C. Roberts 
Austen. 
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all the alloys are lower than that of pure lead (326° C.)- Next, 
consider any alloy richer in lead — say, one cf)ntaining 70 per 
cent, lead and 30 per cent, tin ; it will begin to solidify at 250° C., 
and lead will be deposited, the remaining mixture becoming 
richer in tin, thereby lowering its solidifying-point until, 
when the temperature reaches 180° C., the composition con- 
sists of about GO per cent, tin and 31 p(‘r cent, lead, and the 
whole solidifies without further selective separation. This 
mixture, which corresponds to the mother-liquor of the salt 
solution previously described, is called the lead tin evt die. 
An eutectic is usually defined as the most fusible alloy of two 
or more metals;* that is to say, it has tlie lowest fusion or 
melting point of any of the mixtures of the metals, 

Copper-Zinc Alloys. 

Many alloys, such, for example, as copper and zinc, consist 
of metals which are not solvents in each other, but which act 
as solvents for chemical compounds of the constituent metals. 

For example, near the melting-])oint of cop])er large amounts 
of zinc will combine with the copper to form a zinc-copper 
compound, which will in its turn dissolve in thc^ fr(^e (topper. 
For each given mixture of copixT and zinc there is one fixed 
temjoerature at which the solid solvent is in equilibrium with 
the liquid part. At this point any further slight lowering 
of temperature will cause solidification of the whole mass, 
whilst any heat addition will cause liquefaction. When tlu^ 
temperature is progressively lowered the cop])er crystallizes 
out, until at 890° C. the alloy solidifies bodily. The remain- 
ing metal consists of an eutectic of copper and a copper-zinc 
compound, and is analogous to the “ mother-liquor ” of a salt 
solution. It will be seen that this is not the same simple 
effect occurring in the lead-tin s^eries. 

Many alloys, when fluid, consist of several solutions, each 
of which, upon cooling, leaves a solid deposit and a liquid 
mother-liquor. These mother-liquors do not, however, com- 
bine, and there may therefore be several eutectics ; in the case 
* Guthrie, Phil. Meuj., vol. xvii., p. 462. 
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' of copper-zinc alloys there are at least four eutectic alloys, 
whilst for copper-tin there has been shown to six, at least. 

Fig. 142 shows the solidifying-point curves for copper-zinc 
alloys (or brasses). It will be ob.scrved that there are four 
horizontal branches 6, c, A, and e, each indicating the presence 
of eutectic alloys. 



Fig. 142. — Cooling and Strength Property Curves for Copper-Zinc 
Alloys or Brasse*^. 

Steels. 

Fig. 143* shows the solidification, or equilibrium, curves 
for iron and carbon, the carbon varying from nothing up to 
1-6 per cent.; the ordinates corresponding to each proportion 
of carbon represent the temperatures at which, upon cooling, 
from the molten state, evolutions of heat occur. 

It has been known for a long time that iron can exist in 
more than one allotropicf form, and the branches A^B and 

* Osmond. 

t When a metal or element having a definite chemical composition can 
exist in several forms, having different physical properties but the same 
chemical composition, these are known as “allotropic” forms. 


18 
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AJB correspond to the allotropic transformations of iron. 
These two branches unite at -B in a single branch BE, when 
more than 0-2 per cent, of carbon is present. 



Along the branch AJBE, the solution of iron and carbide of 
ron, upon further cooling, begins to deposit ferrite, until, 
when the temperature of about 670° C. is reached, correspond- 
ing to about 0-9 per cent, of carbon, the remaining eutectic, 
consisting of ferrite and cementite (or carbide of iron), solidifies 
out in the form of pearlite. 
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At the point E a sudden evolution of heat, distinguishable 
by eye, occurs, accompanied by a temporary exJ)ansion; this 
phenomenon is known as “ recalcscence.” 

The branch BE of the curve, then, corresponds to a separa- 
tion of ferrite, and the branch EC to one of carbide of iron 
(FegC), or cemeTitite, whilst the nearly horizontal branch A^EA^ 
represents alternating layers of these two constituents, which 
have already* been shown to constitute pear Lite, and which 
corresponds to a definite composition. This line A^EA^ 
corresponds to the temperature above which the steel begins 
to harden by quenching. 

The branch BE represents the equilibrium curves of slowly 
cooled iron and steel, consisting of less than ()•{) per cent, 
carbon, and corresponds to mixtures of ferrite and pearlite in 
proportions depending upon the initial carbon content. Steels 
with 0-9 per cent, of carbon con.sist of pure pearlite, whilst those 
of higher carbon content contain both pearlite and cementite. 

Effect of Quenching Steels, 

If, instead of allowing the molten steel to co(d slowly, it is 
allowed to cool to a certain temperature and tluMi is quenched 
in a cold liquid, the above actions b(‘come altered, for they 
have not had time to be completed in the reduced temperature 
interval. 

The carbon in such steels partially retains the dissolved 
carbon state corresponding to the higher temperatures — 
namely, the “ hardening carbon.” If the quenching in the 
case of a lower carbon content steel than 0-9, such as that 
which is represented by the point M in Fig. 143, occurs from 
a point above the cmvyqBE, then the resulting constituent does 
not contain either ferrite, pearlite, or ceinentite, but the needle-* 
like structure known as martensite,^ which corresponds to 
maximum hardness for the given steel. 

As the percentage of carbon in the steel increases the needles 
of martensite become smaller and less distinct, but the hard- 
ness increases. 


* Soo p. 253. 


t See Fig. 261. 
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Above 0-9 per cent, of carbon, the effect of quenching from £ 
point such A, on the side EC of the curve (Fig. 143) i.s to cause 
the structure to consist of two constituents — namely, austeniU 
(which is readily scratchable with a needle) and harden'te. 

If lower carbon steel be quenched from a temperature below 
BE, but above A^E, the constituents of the cliilled metal 
consist of the isolated white ferrite, separated out below BE, 
and striated inarlmsiie. Steel containing more than 0-9 per 
cent, carbon, if quenched from a temperature such as B (735” C.) 
below EC, but above EA^, will contain both the cementite, which 
has separated out below EC ])rior to quenching, and martensite. 

It will ])e seen from the examples given that the thermal 
phenomena are associated with, and often afford valuabh^ 
information upon, the subject of the microscopical constitu- 
tion of metals; indeed, the hardening and tempering effects 
are readily ex})lained in this manner. 

Equilibrium Diagram for Iron and Carbon. 

The diagram shown in Fig. 144 is obtained by j^lotting, as 
temperature ordinates, the arrest points of a vcTy large number 
of iron-carbon alloys, varying in (ionstitution from pure iron 
(C=0-00 per cent.) up to east iron (()~5*00 per cent.), through 
the range of carbon steels. It should be emphasized that the 
curves of equilibrium shown correspond with the arrests upon 
the cooling curves of these materials. One or two of the lines 
upon the diagram, however, have been obtained or confirmed 
by indirect methods. 

The line AB shows that as the proportion of carbon increases 
from nothing to about 4-3 per cent., the melting-point falls 
from about 1500” C. for pure iron at A down to 1140° C. for 
' the eutectic, or pure pig iron at B. The fusibility of cast irons 
is evident from this fact. 

The line EGH shows the effect of the single constituent solid 
solution in lowering the temperature of the metal until it 
contains 0*9 per cent, of carbon; the lines EG, GH, and HD 
correspond to the lines A^B, BE, and EC in Fig. 144. 

Below 700° C. the solid solution solidifies into pearlite or 
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cemontite, as indicated by the horizontal lineLH J, at practically 
the same temperature over the whole carbon range. If any 
vertical line, such as XY, be drawn upon the diagram, the 
manner in which it cuts the equilibrium curve will determine 
the constitution of the corresponding carbon content steel; 
for example, in the case of XY, which corn'sponds to 0-6 per 
cent, of carbon, it will 'be seen that solidification (a)mm(mces at 



about 14(50° (^^., and is followed by complete solidification 
where XY cuts AD. This mass then cools down until i^t 
reaches the point where AT cuts G// that is, to a temperature 
of about 730° C. — when a small amount of y and a allotropic 
forms of iron sej^arate out. 

At about 20° to 30° lower temperature, when the line LHJ is 
reacht;d, pearlite separates out, and the whole mass becomes 
a solid steel, containing a large proportion of pearlite, in which 
^mall ferrite areas occur. 
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With a lower carbon content, greater ferrite areas will occur. 

The effect 6f rapid cooling from the solid solution region will 
be to retain in the solid metal much austenite. 

Similarly, the constitution of any other carbon content steel 
or cast iron may be examined by means of the given equili- 
brium curves. 

High-Carbon Metal. 

Consider the case of iron with 2*5 percent, of carbon cooling 
from the molten state; this combination approaches the limits 
of cast iron, since it only requires about 2 per cent, of carbon 
to saturate solid y iron; the martensite, which continues to 
solidify from about 1280° C., rejects all carbon in excess of this 
quantity, and leaves it in the remaining molten mother-liquor. 

This process continues from the point to Xg (Fig. 144) - 
that is, until a temperature of about 1125° C. is reached, when 
the carbon content of the mother-liquor reaches about 4*3 per 
cent. ; as further cooling occurs below the line AB the mother- 
liquor solidifies bodily into an (mtectic ma.ss of graphite and 
martensite. 

When the temperature of 1000° C. is reached at part of 
the graphite unites with some of the iron, to form cementite, 
and the mixture between X^ and Xg therefore consists of 
martensite, cementite, and graphite. At X4 this martensite, 
which has now become hardenite, splits up into pearlitc, so 
that the resulting metal contains pearlitc, cementite, and 
graphite, after cooling down to the completely solid state. 

Alloy Steels. 

The presence of elements in steel, such as nickel, chromium, 
tungsten, and similar elements, tends to alter the solidifying 
and critical points in exactly the same manner that the 
presence of carbon does. 

» The critical points are lowered by both nickel and rmnganese, 
as the curves given in Fig. 139 clearly show. Thus, with 25 
per cent, of nickel, or 12 per cent, of manganese, the Ar. 3 
point is lower than the usual 20° C. ; such steels are character- 
ized by the presence of martensite similar to rapidly cooled 
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carbon steels, and normally consist of y iron modified by the 
large amount of manganese or nickel with which*it is alloyed. 

It should be mentioned here, that in carbide of iron (FOgC) 
the iron is capable of being partially replaced by other ele* 
ments, such as those present in alloy steels. 

The two special nickel and manganese alloy steels above 
mentioned are practically non-magnetic. 

Referring to Fig. 139 again, it will be seen that in the case of 
nickel-chrome steel (curves D and E) the change to the solid 
solution state, with heat absorption, occurs at about the same 
tem})erature during heating as in the case of the carbon steels, 
but the arrest points occur at an appreciably lower tempera- 
ture during cooling. For this reason the effect of the ele- 
ments nickel and chromium is to make the carbon change more 
sluggish — that is to say, more easily controlled and sup- 
pressed, so that larger masses of this alloy .steel can be satis- 
factorily heat treated and hardened. 

In the case of air-hardening steels, the speed of cooling which 
results from the air-hardening process is sufficiently rapid to 
suppress the carbon change, and to cause the mass to retain 
its solid solution state. 

Figs. 135 and 14^)* .show the structures of this type of steel 
in the liardened states respectively. 

The alloy steels arc easier to obtain the “ .solid solution ” 
state with, and this usually occurs with heat evolution during 
cooling at a lower temperature. It should be pointed out 
that if the thermal change point can be suppressed by quench- 
ing, rapid cooling, or otherwise, the breakdown from the solid 
solution to the pearlitic condition is prevented. 

In the case of inanganese steel, when the percentage of 
manganese lies between about 12 and 14, the cooling curv», 
from the molten state, shows no “arrest,” and the solid solu- 
tion state can be readily preserved by a sufficiently rapid 
cooling. Thus, if this high manganese steel be quenched at 
about 950° C. a non-magnetic and tough condition re.sults 
(Fig. 146). 

* Dr. Hatfiold. f Discovered by Sir R. A. Hadfield. 
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Fig. 145. — Annealed AiK-HAJtDENiNG !Stell. Ftched. x 500. 



Fig. 146. — Manganese Steel. Micro. Etched, x 100. 

High nickel steely containing about 25 per cent, of nickel, 
IS also non-magnetic, for no absorptions or arrests of heat occur 
during heating or cooling the ordinary range of working tern- 
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peratures met with commercially, so that the solid solution 
state, modified only by the high percentage of nickel present, 
is obtained. 

The micro-structure of this steel, in its best condition, con- 
sists of polygonal grains or allotrornorphic crystals of solid 
solution of carbid(^ of iron and nickel, in iron containing nickc'l. 

In air-hardeMmg nickel-cftnmie steels the effect of the ])articu- 
lar proportions of nickel and chromium is to render th(‘ speed 



Fig. 147.~ MA(iN kt Stkkj. (Tun(3stkn). Ft(viiei). x /500. 

of cooling quick enough to suppress the carbon change point 
and to pr(‘sent the solid solution stab;, in which the material 
at ordinary temjieratures is extraordinarily hard and tough.* 

The Time Factor. 

It has been shown by Professor Edwards| that much of tht’ 
diversity of opinion about the exact effect of chromium upon 
steel has been due to the omission to take account of the rate 
of cooling, or the time-factor effect, when studying the results 
of investigations. He has shown, for example, that in the case 

* Tensile strengths u]) to 125 tons per square inch, and hardnesses (Brinell) 
up to 550 are obtained with these steels, 
f See footnote, p. 284. 
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of a chrome steel containing a little over 6 per cent, of 
chromium and 0-63 per cent, of carbon, that when specimens 
were heated to 1000° C. and allowed to cool, (a) in still air, 
on an asbestos pad, taking thirty minutes to reach atmospheric 
temperature, and (6) in the furnace, taking sixty minutes 
to reach ordinary temperatures, that in Case (a), the Brinell 
hardness was 642, whereas in Case (6) the hardness was only 
281. Thus the steel became what is known as “ self -harden- 
ing ” in the one case, and “ soft ” in the other, due to the 
different rates of cooling. 

Table XLVI. shows the influence of the time factor upon the 
hardness of the above-mentioned chrome steed when cooled 
from an initial temperature of 1200° C. In connexion with 
these results, it was observed that with the slower rates of 
cooling the critical temperatures were higher, but the rises of 
temperature, or heat evolutions, were much greater; as the 
cooling rate increa.sed, so the critical points became lower 
and less marked, until, with a rate of about two minutes, 
there was no noticeable carbon change point, and maximum 
hardness (Brinell 680) occurred. The more rapid cooling 
rates cause the carbon change points to be entirely suppressed, 
and micro-photographs of chrome steels cooled at different 
rates show that the constitution, as the rate of cooling is 
increased, corresponds to increasing percentages of solid solu- 
tion carbon — that is to say, to greater proportions of austenite, 
martensite, or hardenite. 

TABLE XLVI. 

Effect of Cooling Rate lton Hardness of Chrome 
Steel. 

• [Composition: Carbon, 0*63 per cent.; chromium, 

6' 18 per cent.] 

Initial Temperature, 1200 C 


Cooling 

min. sec. 

min. sec. 

tnin. sec. 

min. sec. 

min. sec. 

1 1 

'\i)un. sec.\ 

Diiv. sec. 

rate in 
minutes 

19 8 

16 28 

12 33 

12 8 

8 61 

3 33 

2 2 

Brinell 

Hardness 

i 

1 

333 

337 

398 

503 

632 

664 

680 
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Fio. 148. — Heating and Cooling Curves for Nickel Steel. 

Metallography of Nickel Steels. 

When nickel is present in carbon steel its effect, apart from 
strength considerations, which will be considered later, is to 
lower the critical temper^^tures ; the higher the percentage of 
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nickel, up to about 25 per cent., the lower the arrest point, 
until, with this latter proportion, there is no definite critical 
point at temperatures d6wn to 20° C. when the metal is cooled 
down slowly. 

Fig. 148 shows the critical temperatures for low-carbon 
nickel-steel with different proportions of nickel. The upper 
curve corresponds to the slow heating curve, and ab to 
the slow cooling curve. It will be seen that during cooling, 
with increasing nickel content up to 27 per cent., the critical 
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Fio. 149.— -Equimbkium Cukvks fur NickeT;-C'Arron. 


temperature of sudden heat evolution becomes progressively 
lower, until, with 25 per cent, of nickel, it occurs at atmo- 
spheric temperatures.* This metal is therefore non-magnetic 
at atmospheric temperatures. 

If, however, this nickel steel is cooled below 0° C. the mag- 

♦ Also vide “ The Hardening and Tcm jeering of Steel,” by Professor Q. A. 
Edwards. 
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netic transformation occurs, and if the temperature* is raised 
the magnetic state persists right up to above 5QP^’ C., as shown 
by the critical point Similarly, for lower content nickel 
steels when heating occurs the critical temperatures are much 
higher, as shown by the curve a^b^. Hence, for this range of 
ni(“kel steels the magnetic, or non-magnetic state occurs accord- 
ing to whether the temperaturcLS within the area abb^ are 
approached by luxating or cooling, and this grou^) of steels 
is termed an irreversible ” one. The microscopic structure 
of niiikel steels with dilTerent proportions of nickel (uj) to 
80 pc'r cent.) and of carbon (up to 1-05 jier cent.) has been 
found by Dr. Cluillcd'’' to c()rres[)ond to tlu^ equilibrium dia- 
gram shown in Fig. 149. 

It will be seiui that low carbon content steels contain more 
ferrite and ])earht(‘, and that high carbon contents have a con- 
stitution of botli troosite and martensite, with some austenite. 

Flow Structure of Steel. 

It is fre([iu‘ntly of imi)ortance, in (*onnexion with the stamp- 
ing, priLssing, forging, and general ])lastic tr(*atm('nt of steel, 
to be able to examine the lines of How, or grain, of the metal. 
On(' of tlu' commonest methods employed for this purpose is 
that of sulphur printing, wiiich utilizes the effect of the small 
quantities of sulphur present upon silver bromide printing 
paper. In lhaumann’s method th(‘ surface to be examined is 
machined flat and polished with emery paper No. 1. The 
silver bromide paper is soaked in very dilute sulphuric acid 
(about 1 to 3 per cent.) solution in water, and is jdaced on the 
metal surface; the acid attacks the sulphides and liberates 
hydrogen sulphide, which acts upon and turns the silver 
bromide dark in colour. The auto-print is removed from fjho 
metal, washed, and then immersed in sodium hyposulphite to 
fix (or remove the excess bromide). The average period of 
time required is about one to two minutes. 

Fig. ISOf shows a typical sulphur print made from a section 

* Emjimerivq, March 8, 11)18. 

* t Courtesy of “ The Institution of Automobile Engineers.” 
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of a foY-ged and stamped automobile engine crank-shaft; that 
the method pf manufacture is satisfactory is shown by the 
flow of the grain. 

Another method often employed consists in polishing the 
surface thoroughly and etching with a 10 to 20 per cent, nitric 
acid solution. 

Figs. 151, 152, and 153 show the flow structure of stamped 
and turned alloy steel valves for aeroplane engines ; the differ- 



ence between the stamped valves in Figs. 151 and 152 and the 

solid bar turned valve in Fig. 153 is marked. 

Heat tinting is another method employed, which depends 
upon the colours of the oxides of the iron and the phosphorus 
content. 

If polished sections are heated to a certain temperature the 
phosphorus-rich portions appear as yellowish white streaks, 
and the purer metal as a blue background.* 

♦ For fuller particulars vide “The Microscopic Analysis of Metals,” by 
Osmond and Stead. 



CHAPTER V 

IRONS AND CARBON STEELS 

Physical and Mechanical Properties of Ferrous Metals. 

It is not proposed in the present work to consider the modes 
of extraction of metals from their ores or the metallurgical 
processes employed in the derivation of the various final forms 
of ferrous metals, except, perhaps, in so far as they enter into 
questions of heat treatment but to confine these considerations 
to the properties of the final products, commencing with the 
more elementary irons and steels, and leading up to the more 
complicated alloy steels. 

Iron. 

There are three principal forms of iron occurring in com- 
mercial work — namely, (1) Wrought Iron, (2) Cast Iron, and 
(3) Malleable Fron, which will be dealt with in the order named. 

1. Wrought Iron. 

This jnetal is not employed for stress members in aircraft or 
automobile work, but only for certain electrical parts, such 
as the pole pieces of electro-magnets, cores, armature plates, 
and similar purposes; its physical properties are, however, 
of interest in relation to those of the more modern steels. 

Wrought iron is manufactured from cast iron by the pro- 
cess of puddling, forging, and rolling, after which treatment 
only a very small percentage of carbon remains, usually from 
0*05 to 0-15 per cent. 

Certain impurities, such as manganese,* silicon, sulphur, 
and phosphorus, are usually found in the resulting metal, and 
its physical properties are affected thereby. For example, 
the effect of more than about 0-1 per cent, of phosphorus in 


Manganese (0-5 per cent.) also tends to make iron “ cold short.” 

289 19 



290 AIRCRAFT AND AUTOMOBILE MATERIALS 


iron is to make the metal “ cold short — that is, to cause it to 
crack if bent*^ cold, although it may be readily bent hot- 
Sulphur, when present in more than 0*1 per cent., causes “ red 
shortness,'" or failure during forging or hot working. 

Wrought iron, which should contain not less than 99 per 
cent, of iron, is a silvery metal, which is soft and ductile, 
the degree of ductility depending upon its purity. The 
metal as rolled and forged has a fibrous structure, which is 
caused by the presence of slag in the original ingots ; iron bars 
and plates invariably show an appreciable dilferenco in 
mechanical properties along and across the direction of rolling, 
and the j^resence of slag particles can bo readily detected by 
microscopic examination. The metal softens at a tempera- 
ture of from 800° to 900° C., and can be readily welded in this 
condition. 

Commercial wrought is divided into grades, known as 
(a) Merchant Bar, (6) Best Iron, (c) Double Best, and 
[d) Treble Best. Best iron is superior to merchant bar, and 
is made by cutting up the latter into short bars, faggoting, and 
re-rolling; the better grades receive a repeated similar treat- 
ment. The best qualities of iron are the charcoal, electrolytic, 
and Swedish irons; these, in the annealed condition, arc used 
for electrical purposes, and in the production of high tensile 
steels. 

Typical Chemical Composition. — The following is a typical 
composition of wrought iron, the figures denoting percentages . 

Carbon [0*02 to 0-2], Manganese [0-00 to 0-3], Silicon [0-00 
to 0-2], Sulphur [0-00 to 0-015], Phosphorus [0-00 to 0-15J, 
Iron [99 to 99-5]. 

Mechanical Properties. — The tensile strength of good 
\/rought iron varies from about 22 to 25 tons per square inch, 
with an elongation of from 20 to 25 per cent., and a reduction 
of area of from 50 to 60 per cent. 

Tensile strengths as low as 16 and as high as 28 tons per 
square inch have been met with in commercial work, but the 
above represent typical values. 

♦ Silicon makes iron hard and brittle if more than 0-1 per cent, is 
present. 
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The tensile strength of strips taken from rolled plates in 
the direction of rolling usually ranges from 20 to 25 tons 
per square inch, whilst for strips taken across this direction 
it is appreciably lower — namely, from 16 to 22 tons per square 
inch, the reduction of area varying in this case from 75 to 
85 per cent. 

Wrought iron shows a well-marked yield point of from 15 to 
17 tons per square inch; its elongation is about of its 
length for each ton per square inch within the elastic limit, 
which varies from 14 to 16 tons per square inch for good 
qualities of this iron. 

The crushing strength of wrought iron is rather indefinite, 
but may be taken at 0-8 of its tensile strength. 

The shearing strength varies from 15 to 20 tons per square 
inch, and is less when sheared along the direction of rolling 
(or parallel to the slag grain). 

The Modulus of Elasticity for wrought iron varies from 
12,000 to 13,000 tons per square inch, being about 12,500 upon 
the average. 

The Modulus of Rigidity is about 5000 tons per square inch. 

Physical Properties. — The eiTects of tem 2 )erature upon the 
tenacity and the allotro^nc modifications have already been 
referred to.* 

Microscopic examination of the structure of wrought iron 
reveals the ferritic structure, as shown in Figs. 128 and 154, 
characteristic of low-carbon steels slowly cooled, interspersed 
with slag particles. The direction of rolling, bending, or work- 
ing, can also be readily detected. 

The specific gravity of wrought iron varies from 7-8 to 7*9; a 
cubic foot of wrought iron of specific gravity 7-78 weighs 486 lb., 
and a cubic inch, 0 -280 lb. Cast iron has a lower specific gravily, 
varying from 7-0 to 7-5, according to its composition. 

The melting-point of pure iron is about 1530° C. 

The coefficient of linear expansion of wrought iron is 10*2 x 
10 ® and of cast iron 11*9 X 10 ®. 

The thermal conductivity of pure iron at 18° C. is 0T61, and 


V ide pp. 98 and 264 et seq. 
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at 100° C. 0-151, in C.G.S. units; the corresponding values 
for wrought iroh are 0-144 and 0-143 respectively. Cast iron 
at 100° C. has a conductivity of 0-1 11, and 1 per cent, steel- 
0-107. 

The specific heat of iron from 20° to 100° C. is 0-119,* and 
from 0 to 1100° C. it is 0-153.t 
The electrical resistivity of pure and wrought irons at 18° C. 
are 9 to 15 x 10 and 13-9 x 10 ® ohms j}er sq. cm. respec- 
tively ; for 0-1 per cent, steel the value is 19-9x 10 
The velocity of sound in wrought iron is 49 to 51 centi- 
inetres per second. 


Electrolytic Iron. 

A very much purer form of iron than that previously de- 
scribed can be produced by electrolytic means, and the manu- 
facture of this type of iron is now a commercial proposition. 
The principle of the different processes consists in making 
the anode of wrought, east iron, or carbon steel, and the 
electrolytic solution of one of the salts of iron, such as ferric 
chloride, ferric sulphate, or mixtures of such salts; where an 
electric current of sufficient density is employed, i)ure iron is 
dejDosited upon the iron cathode. The following description! 
refers to one of the typical processes — namely, that of the 
Le Fcr Company at Grenoble : In principle the method con- 
sists in the use of a revolving cathode and a neutral solution 
of iron salts maintained in the neutral state by the circulation 
of the liquid over the surface of the iron. The bath also 
receives periodic additions of a depolarizing medium, such as 
iron oxide, the object of which is to eliminate, at least in part, 
th^ hydrogen deposits upon the cathode, which injuriously 
affect the material if present in too large a quantity. By this 
means it is possible to work with a current of high density 
(1000 amperes per square metre), and an iron of excellent 

' Schmitz. * f Harker. 

I “Electrolytic Iron; Its Manufacture, Properties, and Uses,” by L. 
Guillet, Proc. of the Iron and Steel Institute; reproduced in Engineering, 
October 2, 1914, 
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quality is obtained. The process is applicable to the produc- 
tion of very pure iron, which can compete with ‘ best iron ’ or 
Swedish iron, or to the direct manufacture of tubes and 
sheets in the finished state.” 

The average composition of electrolytic iron, obtained by 
using any pig iron in solution, after annealing, is approxi- 
mately as follows: Carbon [0-004], Silicon [0-007], Sulphur 
[0-006], Phosphorus [O-OOS], Iron [99-975], yjercentages. 

With a current density of 1000 amperes per square metre, it 
is stated that a yield of 2 tons of metal is obtainable, per 
kilowatt-year, including the cost of current for the acces- 
sory services. 



Fig. 154. -FF.KcTROLVTie Ikon (Annkvled). Etched, x 300. 

Properties. — Tin* electrolytic iron in tlui deposited state is 
hard and britths showing under the microscope a charact(^ris- 
tic grain resembling the fine needles of martensite. 

Upon annealing from about 700'^ to 800° C. the well- 
known ferritic structure is obtained; the annealing process 
not only improves the strength qualities but also serves to 
eliminate the absorbed gasivs, such as the hydrogen, carbon- 
monoxide, oxygen, etc. Fig. 154 shows the ferritic structure of 
annealed electrolytic iron. The .tensile strength of the an- 
nealed iron varies from 19 to 20-8 tons per square inch, with 
an elongation of from 40-2 to 42-1 per cent, in the direction 
of the length of the cathode. 
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The effect of compression tests* upon annealed tubes shows 
that a remarkable degree of deformation can be undergone 
without signs of fracture; thus, a tube of 100 mm. diameter, 
and of 0-75 mm. thickness, when subjected to a compression of 
1200 pounds per square inch, underwent a permanent deforma- 
tion of a regular character, as if squeezed in a press. 

The Brinell hardness in the deposited state is about 103, for 
the 10 mm. ball and 3000 kg. load, whilst in the annealed 
state it is about 90. 

Electrolytic iron corrodes easily; this is believed to be due 
to its content of iron chloride. It has a low hysteresis and a 
high permeability, which renders it very suitable for electrical 
work. 

The electrical conductivity is given as 10*22 microhms per 
cub. cm. for the annealed iron at 20° 0. 

The critical points were found to be, for the deposited iron, 
981° and 937° C. (heating), and 902° and 778° 0.- (cooling); 
whilst for the annealed iron they were 788° and 1)32° C. 
(heating), and 902° and 778° C. (cooling). 

2. Cast Iron. 

The product which is obtained directly from iron ores 
when suitably smelted in the blast furnace is known as pig 
iron, or cast iron. 

Its composition depends upon that of the ores and smelting 
materials, and varies over an appreciable range. The principal 
constituents of cast iron are as follows: 

Carbon, in tlic combined or graphic form . . 2*0 to 5-0 per cent. 

•Silicon . . . . , . . . . . . . 0* 1 .5 to 5'() ,, 

Phosphorus .. .. .. .. .. O'O to 1-3 ,, 

Manganese .. .. .. .. .. 0*0 to 1*5 ,, 

Sulphur . . . . . . . . , . . . 0*0 to 0*5 ,, 

Iron 90*0 to 95*0 „ 

Definitions of Cast Irons.f 

Pig Iron. — Cast iron which has been cast into pigs direct 
from the furnace. 

♦ See Fig. 178. 

f International Association of Testing Materials, Brussels, 1906. 



IRONS AND CARBON STEELS 295 

Basic Pig Iron. — Pig iron containing only a small quantity 
of silicon and sulphur, so that it is easily convertible into 
steel by the basic open hearth process (the pig iron should 
contain not more than 1 per cent, of silicon). 

Bessemer Pig Iron. — Pig iron containing only a small 
quantity of phosphorus and sulphur, so that it is easily con- 
vertible into steel by the original or acid Bessemer process 
(the pig iron should contain not more than 0*10 per cent, of 
phosphorus). 

Alloy Cast Iroiis. — Irons, the properties of which depend 
upon the presence of some other element or eknnents than 
carbon. 

Cast Iron. — Iron containing such a percentage of carbon that 
it is not malleable at any temperature; it is recommended to 
accept 2-20 per i-ent. carbon as the dividing-point between 
steel and cast iron. 

Charcoal Hearth Cast Iron. — Cast iron which has had its 
silicon and phospfiorus removed in the charcoal liearth but 
still retains enough carbon to be specilhal as cast iron. 

Grey Cast Iron and Grey Pig Iron.^CciA and pig iron in the 
fracdure of wliich the iron itself is nearly conceahal by graphite, 
so that fracture has a graphitic colour. 

White Cast Iron and White Pig Iron. — (^ast iron and pig iron 
in the fracture of which little or no graphite is visible, the frac- 
ture being silvery and white. 

Malleable Pig Iron.~~Pig iron suitable for converting into 
malleable castings by the process of melting, treating when 
molten, casting in a brittle state, and then making malleable 
without remelting. 

Refined Cast Iron. — Cast iron which has had most of its 
silicon removed in the refinery furnace but still retains suffi- 
cient carbon to be specified as cast iron. 

There are three principal kinds of cast iron, known as the 
Grey, Mottled, and White varieties respectively. 

Grey Cast Iron contains most of its carbon, not in the com- 
bined form, as in the case of the white varieties, but in the 
free or graphitic state, and is, consequently, much greyer. 
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and softer, weaker in mechanical properties, but more fusible 
than the whit6 or mottled irons. 

The following is a typical composition of a grey cast iron : 
Iron [90-38], Carbon (combined) [1-00], Carbon (graphitic) 
[2-66], Silicon [3-00], Sulphur [1-20], Phosphorus [0-90], 
Manganese [0-86]. 

The presence of aluminium and silicon in cast iron has the 
effect of hindering the combination of the carbon, and thus 
causes the separation of the graphite, so that irons containing 
much silicon are of the greyer varieties ; the effect of the pre- 
sence of this element will be considered more fully later. 



Fig. 155. — (Jkey ok Weak Ca.st Iron. Et( hed. x 50. 

Microstructure of Cast Irons.*^ — The combined carbon in cast 
irons is present in the form of carbide of iron, or pearlite, 
and the greater the proportion of combined carbon the more 
^ ptearlitic the structure. The micro-structure of cast iron may be 
examined by preparing the specimen by polishing and etching 
with a 5 per cent, solution of picric acid in alcohol. 

The structure of grey cast iron consists of graphite and 
pearlite in a silicon-ferrite matrix, the black lines of the 
graphite, and grey -patches of pearlite showing up against the 

♦ Also see Figs. 160 and 161 for micrographs of motor cylinder cast irons. 
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ghter silicon -ferrite matrix (Fig. 155). Figs. 156 and 157 show 
le well-laminated pearlite and the graphite flakes*in cast iron, 
le latter photograph being more highly magnified. 



(> (^AST Ikon, showino (Ji^apiiitk \ni> w eij.-l \min xted J^eahlite 

X ICO. 



G. 157. — Cast Iron, showing CKAriiiTE and wele-laminated Pearlite 
(High Magnification), x 400. 

In the case of whiter cast irons, the grey matrix consists of 
^arlite, with white patches of iron-phosphorus eutectic 
'ig. 158). 

The amount of pearlite present is proportional to the com- 
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and softer, weaker in mechanical properties, but more fusible 
than the whit6 or mottled irons. 

The following is a typical composition of a grey cast iron : 
Iron [90-38], Carbon (combined) [1-00], Carbon (graphitic) 
[2-66], Silicon [3-00], Sulphur [1-20], Phosphorus [0-90], 
Manganese [0-86]. 

The presence of aluminium and silicon in cast iron has the 
effect of hindering the combination of the carbon, and thus 
causes the separation of the graphite, so that irons containing 
much silicon are of the greyer varieties ; the effect of the pre- 
sence of this element will be considered more fully later. 



Fig. 155. — (Jkey ok Weak Ca.st Iron. Et( hed. x 50. 

Microstructure of Cast Irons.*^ — The combined carbon in cast 
irons is present in the form of carbide of iron, or pearlite, 
and the greater the proportion of combined carbon the more 
^ ptearlitic the structure. The micro-structure of cast iron may be 
examined by preparing the specimen by polishing and etching 
with a 5 per cent, solution of picric acid in alcohol. 

The structure of grey cast iron consists of graphite and 
pearlite in a silicon-ferrite matrix, the black lines of the 
graphite, and grey -patches of pearlite showing up against the 

♦ Also see Figs. 160 and 161 for micrographs of motor cylinder cast irons. 
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[90-6], Carbon (combined) [1-59], Carbon (graphitic) [1*31], 
Silicon [2-17], Sulphur [148], Phosphorus [M7], Manganese 
[1-60]. The fracture is a dull white, with pale greyish specks 
and a line of white around the edge of the fracture. 

White Cast Iron,— In this iron the carbon chiefly exists in 
the combined form; in the whitest cast irons the percentage 
of combined carbon varies from 2 to 4. 

The metal is very hard, close grained, silvery white in frac- 
ture, and possesses good wearing and polishing qualities; it is 
less fusible, and does not take such good impressions from the 
mould as in the case of the greyer irons. 

The following is a typical composition of a medium white 
pig iron suitable for commercial purposes: Iron [8940], Carbon 
(combined) [246], Graphite [0*87], Silicon [I ’12], Sulphur 
[2 ’52], Phosphorus [0-91], Manganese [2-72]. 

It is usually specified that for white, close-grained hard irons, 
that the silicon must lie between the limits of 1*2 and 1-6 per 
cent., whilst the suljfliur should not exceed 0-095 per cent., 
and the phosphorus and manganese eac^h below 0-7 per 
cent. 

For chilled iron, and for hard white irons, manganese up to 
1’3 per cent, is an advantage; above this amount tends to 
make the iron weak. 

Classification of Commercial Pig Irons. 

There are six different classes of cast iron used in commerce, 
varying from No. 1, which is the greyest, through the mottled 
(Nos. 4 and 5), to No. 0, which is the hardest and whitest. 

No. 1 Pig Iron has a dark grey fracture, with a high metallic 
lustre, and large graphitic crystals; it is used solely for foundry 
purposes, being very fusible but deficient in strength. 

No. 4 Pig Iron, sometimes called “ bright,” has a light grey 
fracture, with small crystals, having little lustre ; it is not very 
fusible, and is chiefly used for wearing parts, and for making 
iron and steel. 

No. 5 Pig Iron is the Mottled type. 

No. 6 Pig Iron, or white, has a white fracture, with little or 
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Analyses of Various Cast Ikons. 
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no lustre, and is granulated with a radiating crystalline appear- 
ance. It is extremely hard and brittle. * 

The above irons are usually blended together in various 
proportions according to the nature of the casting required. 
Most of the ordinary castings of commerce arc made of Nos. 
1, 2, 3, and 4, in different })roportions. 

The following table shows the results of an analysis* of the 
compositions of various cast irons, and gives the most suitable 
composition for the specified purposes: 


TABLL XLVllL 

COMCOSTTIONS OF CaST IrON FOR DIFFERENT PURPOSES. 


Purpose. 

PonihiHeil 
Carbon. 1 

i 

CtaphUtc 

Carbon. 

Silicon. 

Greatest softness .. 

0*15 ! 

3-1 

2-5 

,, hardness . . 

1 

— 

under 0*8 

,, general strengtli . , 

0-50 

2-8 

1-42 

stiffness 

— 


1 1-0 

,, tensde strength .. 

0-47 

— 

! 1-8 

,, crushing strength 

over !•() 

under 2-0 

1 about 0'8 

,, transverse strength 

0-7 

— 

1-5 

Effect of Silicon. 





It has already been stated that silicon, when present in 
any appreeiabh^ amount (from 2 to 4 ])er cent.), has the effe(;t 
of causing the carbon to rtMuain in tlu^ uncombined or grayihitic 
state. The j)roportions of silicon for the greatest tensile, 
crushing, and bending strengths appear to lie between 1-4 
and 2 ptT cent. ; between 2 and 3 per cent, of silicon makes the 
metal softer and greyer. 

Pig. 159 shows clearly in a graphical manner how the propor- 
tion of silicon present affects the tensile and crushing strengths 
and the hardness of cast iron. 

Effect of Manganese! and Chromium. 

When cither of these two elements is present in cast iron 

Trans. Iron and Steel Institute, 1885 (Turner). 

t Ferro- manganese is a metallurgical product containing over 50 per 
cent, of manganese. Spiegeleisen contains from 10 to 30 per cent, man- 
ganese. (See also Appendix I.) 
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the carbon present tends to remain in the combined state; 
manganese should not exceed about 1 per cent., or brittleness 
results. Cast iron with I per cent, of manganese is used for 
chilled rolls. The shrinkage of cast iron is increased by this 
element. 



Fig. 159. — Influence of Silicon on Pig Iron. 

Effect of Phosphorus. 

The presence of phosphorus in a small amount (below 0*8 
per cent.) tends to make the metal more fluid, or fusible, 
and is an advantage for thin or sharp castings; too much 
phosphorus produces brittleness. 
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Effect of Copper. ^ 

Copper is sometimes found in pig iron made from ores con- 
taining copper; its effect when present from 0-1 to 1 per cent, 
is to close the grain without appreciably affecting the brittle- 
ness. 

Effect of Aluminium. 

When aluminium is added to molten cast iron (from 0*2 to 
1 per cent.) it incrc^ases the fluidity, and tends to reduce 
the oxides. When added to grey iron it weakens it. 

Effect of Vanadium. 

Vanadium in small quantities (from 0*05 to 0-20 per cent.), 
when added to molten cast iron, acts as a deoxidizer, and also 
greatly increases the strength of the resulting iron. 

Effect of Titanium. 

The addition of about 2| per cent, of a titanium -iron alloy, 
containing about 10 per cent, of the former clement, to molten 
cast iron gives an increase in strength of from 20 to 30 per 
cent, to the resulting iron. Part of the titanium reacts with 
any oxvgc'ii or nitrogen present in the metal, and thus purifies 
it, but does not remain in the metal. 

Mechanical Properties of Cast Iron. 

The behaviour of cast iron in both tension and compression 
has already been discussed on page 87. To recapitulate, it 
may be stated that cast iron is between four and five times 
as strong in compression as in tension, and exhibits no real 
clastic strain, so that stresses are not proportional to strains 
except for very small stresses of a few tons per square inch. 
The value of the Modulus of Elasticity is given by Unwin as 
varying from 6400 to 7500 tons per square inch, whilst the 
Modulus of Rigidity ranges from 3400 to 3000 tons per square 
inch. 

The tensile strength of cast iron may be as low as 4 tons per 
square inch for very grey varieties, and as high as 20 tons per 
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square inch; but for good cast iron, suitable for castings, it 
lies betweeil 8 and 12 tons per square inch. The strength of 
cast iron depends, not only ujjon the chemical composition, 
but upon the size and shape of the casting, the pouring tem- 
perature, and rapidity of cooling. In general, small, rapidly 
cooled castings, or chilled castings, are stronger than large, 
slowly cooled castings of the same metal. 

The compressive strength may vary from 20 to nearly 100 
tons per square inch; but for average foundry iron it lies be- 
tween 40 and 60 tons per square inch. 

The longitudinal extensions and compressions of cast iron 
vary from 0-000133 to 0-000156 inch per inch length, per 
ton per square inch load. 

The Admiralty transverse* test for cast iron specifies that 
a 1 inch square bar of 1 foot span should support a central 
load of 2000 pounds without fracture ; this corresponds to a 
bending strength of about 9 tons per square inch. 

The ordinary foundry test is to support a planed rectangular 
bar of 2 inches depth and 1 inch width at its ends, 3 feet apart, 
and load it centrally; it should require between 25 and 32 
cwts. to fracture it for a good quality iron, from 10 to 20 cwts. 
for grey and weaker irons, and from 30 to 40 cwts. for the best 
grades. 

Physical Properties of Cast Iron. 

The specific gravity of cast iron varies from 6-8 in the case 
of the dark grey foundry iron to 7-35 for the mottled, and 7-60 
for the white grade, the corresponding weights per cubic foot 
being 425, 458, and 474 pounds respectively. 

The melting-point of cast iron is about 1500^ C., the specific 
heat being 0-140 for grey iron, and 0-127 for white iron. 

The amount of contraction upon cooling depends upon the 
size and shape of the casting and upon the quality of the iron. 

The shrinkage of cast iron depends upon its composition, 
and is increased by the presence of manganese when more 

* For other inf ormation regarding this mode of testing see pp. 139 and 208. 
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than about 0-7 per cent, is included. The shrinkage is greatest 
for white and mottled irons, and least for soft ifons. 

The shrinkage also depends upon the amount of silicon and 
on the cross-section of the casting, decreasing as the section 
and the percentage of silicon increase. 

The following table* shows the general nature, and the 
amount of the variation: 

TABLE XLIX. 

Effect of Silicon and Sectional Area on Shrinkage 
OF Cast Iron. 


Percentage 
of Silicon. 


1-00 

0'178 

0-158 

0-120 

0-112 

0-102 

i-riO 

0'1()() 

0-145 

0-ll() 

0-099 

0-088 

2*00 

0'154 

0-1.33 

0-104 

0-080 

0-074 

2-50 

0-142 

0-121 

0-091 

0-072 1 

0-000 

3-00 

0-130 

0-10!) 

0-078 

0-058 

0-040 

3-50 

0-118 

0-097 

0-005 

0-045 

[ 0-032 


Thin cylinders contract only about inch per foot, whereas 
heavy thick pipes contract about J inch per foot; it is usual 
for ordinary work to allow for a shrinkage of i inch per foot. 
The fractional cubical contraction in the case of cast iron is 
given by Unwin as -^.r, and the fractional linear contraction 
as 

In the case of well-dried pinewood patterns, the weight 
of the casting (in cast iron) is approximately equal to sixteen^ 
times the pattern weight. 

Applications to Automobile and Aircraft Work. 

Cast iron is chiefly employed for cylinder castings, cylinder 
liners, pistons, piston rings, back-axle casings, brake shoes, 

* W. J. Keep, Proc. Araer. Soc. Mech. Engrs., xvi., 1082. 

20 
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and certain brackets upon the chassis members and mis- 
cellaneous wearing parts.* 

In the case of sleeve-valve engines, the sleeves are made of 
a good grade of cast iron, and the same metal for liners of 
cylinders made of aluminium alloy, the liners being shrunk 
into place and held by studs to the outer casting. Fig. 160 
shows a typical sleeve-valve iron micrograph. 

The sleeves are made of a tough open-grained cast iron 
derived from best selected Swedish iron, of very low phos- 
phorus and sulphur content. In addition, the high total 



Fia. 160 . — Cast Iron for Sleeve Vafve. Etched witii 5 per Cent 
Nitric Acid in Alcohol x 24. 

carbon in the sleeve metal brings about the formation of a large 
quantity of free graphite, which assists in the lubricating 
and wearing qualities of the sleeves. 

A standard transverse bar, loaded in the centre, should 
t^ave a breaking load varying from 24 to 28 cwt. 

For piston rings the metal should be fairly elastic, and of 
good wearing qualities. The iron used should be crucible, 
melted in a pot furnace in a special manner, in the form of a 
cylindrical piston pot, the moulds l;)eing accurately machined 
to size. The grain should be fairly fine; the castings being 


For compositions of automobile irons see Table 300. 
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chilled at a regular temperature. It is essential to specify 
fine limits for the permissible quantities of silicon, carbon, 
and phosphorus contents. 

J2_Eig. 161 shows a micrograph of an automobile cylinder 
material.* Motor engine cylinders and^ pistons are usually 
sand cast in dry-sand moulds from specially selected cold 
blast and part mine irons; the sand cores being free from 
wire binders, and easily withdrawn. The metal should have a 
low carbon content and possess a fine grain, so that there is 
no risk of porosity. 



Fio. 161 .— Cast Iron for Automobile Cvlinder. Vertical Illumina- 
tion. Etched with 5 per Cent. Nitrk; Acid in Alcohol, x 200. 

A specified test is that each cylinder should withstand an 
hydraulic test of 100 pounds per square inch without leaking, 
and that a standard transverse bar should fracture with a 
central load of from 27 to 30 cwt. 

The Sz^kely Casting Process. 

A process invented by Dr. Szekely for producing castings 
in metallic moulds in such a manner that the metal is unchilled 
by the moulds gives hard close-grained castings free from chill. 
The castings, which are almost identical in size with the 

* “ Materials for Motor-Bus Construction,” Emjineerinoy January, 1617. 
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patterns themselves, have a very smooth surface, and require 
practically no Settling. 

The metal mould consists of a number of parts which fit 
together at the machined joints only, the surfaces forming 
the walls of the mould being left as cast. The joints them- 
selves also act as vents for the escape of the gases generated 
during the pouring process. It is stated that the results 
obtained are due to the use of the special compound, consisting 
chiefly of paraffin and French chalk, which is used for coating 
the mould. 

Automobile castings for (cylinders, pistons, and other parts, 
can be quickly and accurately made by this process. 

Chilled Cast Iron. 

It is found, in the case of most cast metals that the rate at 
which the metal is cooled after casting has a considerable 
influence upon its mechanical properties. 

In ordinary sand casting the sand is a ])oor heat con- 
ductor, and slow cooling only occurs; whereas if the mould is 
made of a metal suitably faced with a loam wash much more 
rapid cooling occurs, and the casting has a silvery fracture 
and is extremely hard. It is quite possible to arrange for 
certain parts of an iron casting to be chilled, where any abrasive 
or wearing action occurs, and for other parts to be left in the 
softer condition, by inserting metal portions in the mould. 

Metal moulds of cast iron and steel are used for chill- 
castings. 

Table L. gives a few typical analyses of chilled cast iron. 

3. Malleable Cast Iron. 

Malleable iron castings have been used somewhat exten- 
sively in connexion with automobile work, especially in 
America, and their use appears to be increasing at the present 
time. Ordinary commercial malleable cast iron is obtained by 
heating iron castings to a red heat in contact with oxide of 
iron, or powdered red haematite, for a period varying from a 
few hours to two or three days ; in this way part of the carbon 
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in the cast iron* is reduced or eliminated by its conversion with 
the oxide into carbon monoxide, or carbon dioxide, and the 
resulting metal approximates in composition to low- carbon 
steel or wrought iron. It can be bent and hammered to a 
certain extent in a similar manner to wrought iron. 

Tensile tests* of malleable iron made from cast iron having 
a tensile strength varying from G-5 to 13-1 tons per square 
inch, with a mean value of lOT tons per square inch, showed 
that the tensile strength varied from 14 to 20 tons per square 
inch, with a mean value of about IG tons per square inch. The 
elongation on 5 inches varied from 0-8 to 5-G, being about 2*5 
upon the average. The crushing strength varied from 48 to 
71*5 tons per square inch. 

Malleable iron castings, for automobile and similar work, 
are usually made from crucible-melted cast iron, although 
cupola, air, and open-hearth furnace irons are used in much 
of the inalleable work. 

A high degree of skill and metallurgical knowledge are 
necessary in order to ensure the correct annealing and thermal 
treatments. 

Compositions. 

For malleable castings a white grade of cast iron is employed 
— that is, one with more combined carbon; the metal melts 
at a lower temperature, and also cools more rapidly. 

The compositions of pig irons for malleable castings, as given 
by analyses of typical castings for both European and American 
practice, arc given in Table LI. on the opposite page. 

The total amount of combined carbon should be about 3 per 
oent. in good malleable castings, whilst the amount of graphitic 
carbon should be as small as possible, as its presence is asso- 
ciated with a weakening effect. 

The amount of silicon present affects the casting and pour- 
ing temperatures; it should be a minimum for large castings 

Professor P. Ricketts, Van Nostrands" Magazine, 1885. Also see 
Journ. Iron and Steel Inst., vol. ii., 1915 (Dr. Hatfield); “Cast Iron in 
the Light of Modern Research” (Griffin and Co.); Gassier" s Magazine, 
1907 (R. Moldenke). 
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TABLE LI. 

Compositions of Typical Pig Irons for Malleable 
Iron Castings. 


1 

r, • t Carbon 

Description. , 

^ j per Cent. 

Silicon 
per Cent. 

Man- 
qanese 
per Cent. 

Ph08- 
1 phorun 
\per Cent. 

Sulph nr 
per Cent. 

English [ White 3*20 

; 0*0 

0*10 

1 

O-Oo 

0*30 

(Western) J ' 

mixture [Mottled 3*4.5 

1 0*85 

: 0*10 

0*05 

0*1 to 0*2 

English (White 3*10 

0*45 

; 0*40 

0*05 

0*25 

(Eastern) | 

mixture [Mottled 3*40 

0*5 to 0*8 

i 0*60 

0*05 

0*15 

Average black heart 

eastings* . . 2*8 to 3*8 

:0*0 to 1*0 

0*2 to 0*5 

O-OGJ 

0*251: 

Av'erage European| 
malleable castings, 

(Keamur) ,. 2*0 to 4*0 

1 

1 

,0*0 to 0*9 

0*3 to 0*5 

O'OHf 

0*254 

Average American' 
practicef . . j2*75 to 3*75 

1 

'0*45 to 1*00 

1 0*30 

i 

' 0*()8f: 

0*2251; 


(namely, from 0’35 to 0 45 per cent.) and a maximum for small 
castings (from TO to 1*25 per cent.). The average amount of 
silicon for medium castings is 0’6 to 0'8 per cent. 

The effect of manganese is to strengthen the iron and to 
reduce the shrinkage; if too little manganese is present a weak 
casting with high shrinkage results. The average manganese 
content should be about 0 3 to 0 4 per cimt. 

The sulphur and phosphorus contents should not exceed 0’08 
and 0’25 per cent, respectively. 

The shrinkage of the hard casting is about 0‘25 inch per 
foot, or about twice that of grey iron ; and, as previously men- 
tioned, for minimum shrinkage a relatively high manganese 
content is essential. , 

The castings are allowed to cool in the sand until a black 
heat is reached and are then shaken out, and when cool are 

* The average strength results for these castings are Tensile strength, 
20 to 23 tons per square inch; elongation on 2 inches, 8 to 12 per cent.; 
reduction of area, 10 to 13 per cent. 

t I'^or small castings the silicon may go up to 1*25 per cent., whilst 
for heavy ones it may drop as low as 0-35 per cent, 
f Maximum. 
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cleaned of tba sand either in an exhaust tumbler or by the 
sand-blast. 

The “ annealing process, as it is termed, consists in heating 
the castings in contact with oxides of iron in special annealing 
ov^ens, maintained at about 800° to 900° C. for three or four 
days, after which the fire is allowed to slowly die down, until 
at the end of eight or nine days the process is complete; 
attempts at shortening this period by employing higher tem- 
peratures have not, as yet, been satisfactory. 

The “ black heart ” variety of malleable iron is largely used 
for automobile work, and is so called from the appearance of 
the fracture, which shows a steel- coloured contour with a black 
velvety core ; its tensile strength compares favourably with that 
of steel, although the elongation is appreciably less. 

The average mechanical properties* of this iron arc as 
follows— namely : 

Ultimate Tensile Strength-- 23 tons per scpiaie inch. 

Elastic Limit .. .. --It to 17 tons per square inch. 

Elongation .. = 13 per cent. 

Contraction in Area . . 18*,'3 per cent. 

The British Admiralty specification for malleable cast iron 
requires a minitnum tensile strength of 18 tons (or 40,320 
pounds) per square inch, with an elongation of 4 per cent, in 
3 inches, on a test bar of 1 inch by JJ inch rectangular section. 
It is also stipulatt'd that the specimen must bend to an angle 
of 90 degrees round an arc of 1 inch radius without exhibiting 
cracks or other signs of fracture. 

The following specifications are those adopted by the Ameri- 
can Society for Testing Materials: 

c Specification for Malleable Cast Iron. 

Process of Manufacture.— Malleable iron castings may bo made by 
the open-hearth, air-furnace, or cupola process. Cupola iron, however, 
is not recommended for heavy or important castings. 

Chemical Properties.- — Castings for which physical requirements are 
specified shall not contain over 0*06 per cent, of sulphur, or over 0*225 
per cent, of phosphorus. 

* “Commercial Steels and their Heat Treatment,” by J. B. Hoblyn 
(Proc. I.A.E., 191H). 
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Physical Properties — (1) Slandaid Test Bar.— Thin bar shall be 1 inch 
square and 14 inches long, cast without chills, and lcft*porfectly free in 
the mould. Throe bars shall be cast in one mould, heavy risers ensuring 
sound bars. Where the full heat goes into the castings, which are subject 
to specification, one mould shall be poured two minutes after tapjiing 
into the first ladle, and another mould shall be poured from the last 
iron of the heat. 

Moulds shall be suitably stamped to ensure identification of the bars, 
the bars being annealed with the castings. Where only a partial heat 
is reipiirod for the work m hand, one mould shall be cast from the first 
ladle used and another after the required iron has been tapped, 

(2) Of the three test bars fiom the two moulds required for each heat, 
one shall bo tested for tensile strength and elongation, the other for 
transverse strength and deflection. Idie other remaining bar is reserved 
for either tensile or transverse tc^t in case of failure of the other two 
bars to come up to requirements. The halves of the two bars liroKen 
transversely may also be used for the tensile test. 

(II) Failure to reach the required limit for the tensile test with elonga- 
tion, as also for the transverse test with deflection, on the part of at 
least one test, rejects the castings from that heat. 

(4) Tofsde Test . — 'Phe tensile strength of a standard test bar for 
casting under specification shall not be less than 40,000 pounds per 
square inch. The elongation measured in 2 inches shall not be less than 
2^ per cent. 

(5) Trawire.} se Test . — The transverse 'strength of a standard test bar 
on supjiorts 12 inches aqiart, pressure being applied at the centre, shall 
not be loss than 11,000 pounds, with deflection at least | inch. 

Test Lugs. — Castings of special design or special importance may be 
provided with suitable lugs at the option of the inspector. At Ins request, 
at least one of these lugs shall be left on the castings foi his in- 
spection. 

Annealing.- -( 1) Malh'able castings shall neither be over nor under 
annealed. They must h.ive received their full beat in the oven at least 
sixty hours after reacliing that temperature, 

(2) The saggars shall not be dumped until the contents shall at least 
be black-hot. 

Finish- — Castings shall be true to pattern, free from blemishes, scale, 
or shrinkage cracks. A variation of inch per foot shall be permissible. 
F''oundcrs shall not be held resjionsible for defects due to irregular cross- 
sections and unevenly distributed metal. * 

Inspection. — The inspector representing the purchaser shall have all 
reasonable facilities given him by the founder to satisf}^ him that the 
finished material is furnished in accordance with these specifications. 
All tests and inspections shall be made prior to shipment. 

Mitis Castings. — These are wrought iron castings made by 
adding from 0*05 to 0*09 per cent, of aluminium to Swedish 
wrought iron which has been melted. The effect of the alu- 
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minium is to lower the melting-point of the iron by some 300° 
or 400° C. The iron is melted in a petroleum fired furnace in 
crucibles of fireclay or plumbago. 

Mitis castings are stated to possess all the properties of 
best wrought iron, but are free from stratification, and are 
homogeneous in structure. 

The tensile strength is said to be up to 20 per cent, higher 
than that of wrought iron, whilst the ductility is about the 
same. 

Semi-Steel. 

8emi-steel is the name given to cast iron made from pig iron 
melted in the furnace with the addition of from 20 to 30 per 
cent, of steel scrap; ferro-manganese is also sometimes added. 
The addition of the steel dilutes the silicon of the pig iron and 
converts some of the graphitic to combined carbon. 

Semi-steel is rather a misnomer, being simply strong cast 
iron low in silicon, sulphur, and phosphorus, and containing 
manganese. 

The steel should be in the form of punchings and shearings, 
and good results are obtainable from the cupola type of melting 
furnace. 

Carbon Steels. 

Steel is the name given to wrought or nearly pure iron com- 
bined with a proportion of carbon, silicon, phosphorus, and 
other elements. The different carbon steels of commerce vary 
widely in their physical and mechanical properties. 

In general, commercial steels, which for most purposes have 
practically replaced wrought iron, are of a uniform and homo- 
geneous texture of finer grain than iron. 

Steels containing less than 0-2 per cent, of carbon are not 
appreciably hardened by quenching from a red heat, but are 
readily weldable, and are similar to wrought iron in their 
properties, but are more homogeneous and reliable. 

Steels containing from 0-20 to 0-40 per cent, of carbon, 
known as Mild Steels, are very widely employed for engineering 
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structural work, being much stronger and more^ ductile than 
wrought iron. 

Such steels arc capable of being appreciably hardened by 
quenching from a red heat, and can be welded, but with rather 
more difficulty than in the case of pure iron. 

Steels containing over 0*4 per cent, of carbon arc capable of 
being hardened and tempered,* and are stronger and harderf 
than the preceding steels in proportion to their carbon content. 

The maximum percentage of carbon in commercial steels is 
about 1*5, and corresponds to the composition of cast, tool, and 
file steels, wiiich wlnai hardened are (extremely hard, and are 
capable of scratching glass, although at the saine time they 
are brittle. 

Specific Gravity. — The specific gravity of steel is affecjted by 
its composition and by the heat-treatim'nt to which it is sub- 
jected. 

Tor 0*3 per cent, carbon steel, the S.G. is 7*855, whilst for 
1*08 per cent, carbon steel, it is 7*803 in the ingot state; rolling 
and mechanical treatment increase the density by from 0*5 to 
1*2 per cent. 

A good average value of the S.G. for mild steel is 7*85, a 
cubic foot weighing 400 pounds. 

Methods of Manufacture. 

The three principal methods of making steel are as follows 
— namely: (1) The Cementation Process, (2) The Bessemer, 
and (3) The Siemens -Martin or Open-Hearth Process. 

The Cementation Process. — In this method steel is produced 
by adding carbon to wrought iron. Bars of wrought iron, 
surrounded by charcoal in a fireclay box, are heated to redness 
for a long period, the carbon gradually penetrating inwards 
from the outside; the period of time required to carburize a 
bar of iron of J inch diameter is about thirty-six hours. 

The steel produced by this process is known as Blister Steel, 
owing to its blistered appearance when withdrawn from the 
furnace. This steel is broken up into pieces about 18 inches 


* See p. 321. 


t See pp. 322 and 323. 
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long, which^ in turn are bound together with steel wire in 
bundles, or are piled; the bundles or piles are heated to a 
welding heat, and forged under a mechanical or steam hammer, 
and rolled. The resulting product is called Shear Steel. If the 
above process be repeated upon this steel it becomes Double 
Shear Steel. 

Cast Steel is obtained by melting the broken pieces of blister 
or shear steel, which are initially produced from a pure brand 
of wrought iron, and casting into ingots; hreclay crucibles 
containing graphite arc used for the purpose of melting, and 
each pot usually contains from 40 to 60 pounds of steel. The 
best grades of cast steel, which are produced from the purest 
brands of iron, containing only minute quantities of sulphur 
and phosphorus, after having been obtained in the ingot form, 
are reheated and rolled into bars, which are then given the 
name of Tool Steel, l^oth cast and tool steel contain a higher 
percentage of carbon* than any of the other catbon steels, and 
are therefore capable of greater hardness and strength when 
suitably treated. 

The Bessemer Process. — In this process steel is obtained 
from cast iron by removing most of the carbon from cast iron 
(or decar burizing). Cast iron is melted in a “ converter,” and 
a blast of air is then sent through the molten metal ; the oxygen 
of the air decarburizes (and oxidizes the silicon of) the iron, the 
remaining metal being nearly pure iron. In order to convert 
this molten iron into steel a charge of sjnegeleisen — which is a 
mixture of iron, carbon, and manganese — or of ferro-manganese 
is introduced, after the air blast is stopped, and after the 
elapse of a certain period the molten metal is poured out into 
moulds to form ingots. The ingots are then reheated and 
rolled into bars of various sections. 

Most of the steel used for rails and structural work is made 
by the Bessemer process. 

The Siemens-Martin Process. — This method consists in melt- 
ing a mixture of cast iron and wrought iron, or of cast iron and 
certain iron ores and fluxes, in the hearth of a reverberatory 


♦ See Table Lll. 
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furnace, so that part of the carbon of the cast iron is retained 
by the wrought iron and the resulting steel contairfe the correct 
amount of carbon for its specified purpose. 

The lining of the furnace and the fluxes are usually arranged 
to contain strongly basic substances, such as lime and iron 
oxide, in order to remove the phosphorus, and the process is 
then known as the Basic Open Hearth one. 

If the lining or fluxes contain much silica the removal of 
the phosphorus is partially prevented, and an acid slag is 
formed. 

Steel made from special ores and irons, in furnaces containing 
much silica in the linings or slags, are known as Acid Open 
Hearth ones. 

Most of the carbon steels used for railway axles, tyres, shafts, 
structural angles, channels, etc., are made by the Siemens- 
Martin process. 

English Steel Practice. 

Prior to 11)14 about one-third of the steel production* was 
made by the “ basic ” process, and the remaining two-thirds 
by the “ acid proce.ss. The pre.sent output of “ basic ” steel 
is from two-fifths to three-fifths of the total, f showing a 
gradual reversion to this method of steel manufacture. 

Converters and furnaces lined with ganister or silica bricks 
—that is, with an “acid” lining— are not suitable for pig- 
irons containing a high phosphorus content, whereas those 
lined with “ basic ” linings of magnesite and calcined dolomite 
are widely used for high -phosphorus ores and irons, as the 
lining holds the oxidized phosphorus from the ores, and gives 
a basic slag. 

The adoption and extension of the basic process enables a * 
much wider use to be made of the English iron ores, which are 
lower in ferric oxide and higher in phosphorus than the imported 
ores from the Continent, which are chiefly “ ha3matites,” rich 
in iron and low in phosphorus. 

♦ About 7^ million tons annually, 
t About 10 to 12 million tons, 1918-19. 
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' Classification ol Carbon Steels. 

Steel may be divided into four principal classes according 
to the carbon content, as follows : 

1. Soft, or Low, Carbon Steel, which contains from 0-05 to 
0*20 per cent, of carbon, and which is not capable of being 
hardened, but easily weldable. 

2. Medium Carbon Steel, containing from 0-15 to 045 per 
cent, of carbon; this steel can be slightly hardened, and is 
weldable. 

3. Hard Carbon Steel, contixmu\givom.O '4: to 0-7 percent, of 
carbon, which is capable of being readily hardened, but is 
weldable with difficulty. 

4. Very Hard Carbon Steel, which contains from 0-7 to 1*5 
per cent, of carbon, is capable of being fully hardened, but 
which is unweldable. 

Typical micrographs of carbon steels are shown in Figs. 
128 to 133. 

Carbon steels invariably contain small amounts of other 
elements, such as manganese, silicon, siilj^hur, or phosphorus, 
often for a specific purpose, but these steels may conveniently 
be classified according to their carbon contents and applica- 
tions, as shown in Table Lll. 

Effect o! Presence o! Small Amounts of other Elements. 

The effect of relatively large amounts of elements other than 
carbon will be considered at a later stage under the heading 
of Alloy Steels; but in connexion with the influence of small 
quantities of elements such as manganese, silicon, sulphur, 
etc., in medium and low carbon steels, it is known that these 
have a certain influence upon the mechanical and physical 
properties of carbon steel. 

Manganese, which is usually introduced in the form of an 
ore, such as ferro-manganese, during the process of making the 
steel, for eliminating the silica and iron oxide, often remains in 
small quantities in the steel. It tends to behave in the same 
way as carbon in its influence upon the hardness and strength 
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TABLE LII. . 

Applications of Steels of Different Carbon Contents. 


Percentage of Carhon.l 


Applications. 


0-1 to 0*2 

0-2 to 0-4 

0*4 to 0-5 
0-5 to 0-6 

06 to 0-7 

07 to 08 

08 to 09 

0- 9 to 1-0 

1- 0 to MO 

MO to 1-50 


Case-hardening steels, mild steel bars, rails, boilers, 
bolts, nuts, g^ns, sheets, tubes, and for general 
purposes. 

Medium carbon steels, axles, high - speed shafts, 
lathe spindles, levers, gear shafts, axle tubes, 
torque tubes; strong bolts, nuts, and pins; “40” 
ton steel; drop-forgmgs, pressings, stampings, and 
castings; rods, tubes, and sheets. 

Automobile steels, steel rails, lugh-tensilo steels; 
drop-forgmgs, pressings, stampings; steel castings. 

Tools for hot work and battering tools. 

Steel castings. 

Tools for hot work and dull edges. 

Battering tools, cold sets, and some forms of reamers 
and taps; miners’ tools, hammers, general dies 

Cold sets, liand-chisels, drills, taps, reamers, dies; 
smiths’ tools, large shear blades, masons’ tools. 

Chisels, drills, dies, axes, knives; best all-round 
tool-steel. 

Axes, hatchets, knives, large lathe tools, small drills 
and dies, circular cultcrs, small shear blades, largo 
taps, hot sets, ball bearings, balls, and rollers. 

Lathe tools, engraving tools, planing tools, scrihers’ 
scrapers, small drills, small culters, small jiuiKihes. 


of the stt'el. The amount of manganese present in low and 
medium carbon steels (up to 0-5 per cent, t^arbon) usually 
varies from O-IO to 1-0 per cent. 

Table LITI.on p. 320 shows the compositions and mechanical 
properties of carbon steels containing manganese. 

The effect of silicon is to make steel harder, and, up to a 
certain amount, is considered an advantage in connexion with 
the jDroduction of sound material and for its deoxidizing 
qualities. Medium steel specifications usually limit the maxi- 
mum permissible amount of silicon to about 0-06 or 0*08 per 
cent. Up to O' 10 per cent, of silicon is allowed in steels for 
forgings, more especially in connexion with guns, and for hard 
rails, tyres, and springs. 

Silicon is used in making steel castings in order to reduce the 
temperature of fusion and to prevent blowholes. From 0*10 
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to 0-50 per cent, of silicon is usually present in steel 
castings. 

Phosphorus and sulphur^ should both be kept as low as 
possible in the case of steel ; neither should be allowed to exceed 
0*05 per cent, in low, medium, and hard carbon steels. Sulphur 
above about 0-8 pcT cent, makes steel “ red short,”* but 
phosphorus up to 1-0 per cent, does not appear to affect steel 
so markedly as in the case of iron. 

Small quantities of copper and arsenic tend to make steel 
red short. 

Mechanical Properties of Carbon Steels. 

Low-carbon steels, containing about 0-15 to 0-20 per cent, of 
carbon, have, in the rolled state, a tensile strength of from 28 
to 30 tons per square inch, with a corresponding elongation of 
about 25 2 )er cent, upon ah 8-inch length. 

The tensile (and also the conq^ressive and shearing) strength 
increases with the i)ercentage of carbon, but the plasticity, 
as indicatt;d by the 2 )ercentage elongation, diminishes, as 
also does the contraction in area, ^ 

High-carbon steels, containing from 0*8 to 1-0 per cent, of 
carbon, have, in the rolled or natural form, a tensile strength of 
from 45 to 55 tons per square inch, with a corresponding exten- 
sion of from 14 to 8 per cent. U 2 )on an 8-inch length, the reduc- 
tion of area being from about 15 to 10 per cent. 

The strength and ductility of a given carbon steel depends 
to a large extent iq^on the mechanical treatment which it 
receives; for examj)le, the tensile strength of a high-carbon 
steel wire, produced by successive wire-drawings through dies, 
varies from 80 to 120 tons j^er square inch, whereas that of the 
initial rod is about 40 to 50 tons. The mechanical properties 
also depend very largely upon the hardening or tempering 
processes to which the steel (if it is a “ hardenable ” type) has 
been subjected. 

The effect of the carbon content upon the strength and 
ductility of carbon steels, in the rolled or natural form,! in the 

* Soe 25' 290. I Te., not heat-treated in any way. 

I- 21 
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case of a number of Bessemer steels tested by Bauschinger 
is shown graphically in Fig. 162, whilst the tabular results are 
given in Table LIV. 

An examination of the results shows that the elastic limits 
in tension and compression both increase with the carbon 
content. The ultimate tensile strength also increases with the 
amount of carbon, but not in direct proportion. 



Fia. 162, — Effect of Carbon upon the Strength and J3uctility of 
Steel. 

The following formula for the tensile strength of carbon 
steel, in terms of the percentage of carbon C,* is given by 
Bauschinger : 

Ultimate Tensile Strength =27-6 (1 +0^) tons per square inch. 

The percentage elongation and contraction of area both pro- 
gressively diminish with increased carbon content. 

The Moduli of Elasticity! in tension and compression do not 
appear to vary greatly with the carbon content, although there 
is a small diminution in their value with increased carbon 
content. 

* See also p. 265. 

f Bauschinger’ s values are now considered to be about 7 or 8 per cent, 
too high. 


%£/onqation on /6 inches 





TABLE LIV. 

Effect of the Carbon Content upon the Mechanical Properties of Carbon Steels. (Bauschinger.) 
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JJllimale 
Shearing 
Strength 
in Tons per 
Square Inch. 

21- 7 

23-6 

22- 8 

25-5 

25-0 

25- 4 

23-1 

27-2 

• 

26- 3 

30-6 

31*7 

37-0 I 

Elastic Limit 
xn 

Compression, 
Tons per 
Square Inch. 

17-65 

19- 20 

21-85 

20- 64 

21- 85 

22- 22 

21-85 

23-95 

23-95 

28-20 

25-00 

31-75 

Modulus of 
Elasticity in 
Compression, 
E., Tons per 
Square Inch. 

17,080 

16,580 

14,660 

14,540 

16,130 

15,040 

14,280 

15,940 

14,480 

14,480 

14,100 

14,600 

Contraction of 
Area per Cent. 

49-2 

41-7 

30-5 

25-1 

32-8 

27-9 

30-7 

19-7 

19-1 

14-0 

16-5 

10-0 

S ~ ^ 

® « V 

I'Sl 

|t^-5 

5 s cc (45 
£ « s Is. 

2H(Oci:)'>ti-^t^<xco-^^Gb?D 

CO O CO >o »o »o o io Ol 

<MCOCOCCCOCOCO-'1<’*t't'^iO 

Elastic Limit 
in Tension, 

T ons per 
Square Inch. 

18-73 

21-02 

21- 90 

21-62 

22- 15 

20- 98 

21- 02 

23- 77 

23-80 

25-45 

27-24 

30-90 

Alean 

Modulus of 
Elasticity, 
Tension E., 
in Tons per 
Square Inch. 

14,300 

13,780 

14,300 

14,040 

13,720 

14,100 

13,720 

14,480 

14,980 

13,660 

13,900 

13,820 ^ 

li 

=-g 

1 


666666666666^ 


! 
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The mean yalue of the Elastic Modulus E, obtained for 
medium and high carbon steel, as deduced from the results of 
independent experiments, is about 13,200 tons per square 
inch. 

The Modulus of Rigidity C varies from 5300 to 5700 tons 
per square inch, according to the percentage of carbon, as 
shown in Table LIV. 

The shearing strength increases with the percentage of 
carbon in a similar manner to the tensile strength. 



Fig. 16 . 3 . — Sheet Carbon Steel. Etched, x 500 . 


Mild Steel Plate and Bar. 

The strength of mild steel plate is approximately the same 
along and across the direction of rolling, although it is slightly 
greater along the rolling direction, and the percentage elonga- 
tion is from 10 to 15 per cent. less. 

Fig. 163 shows a typical micrograph of sheet steel, in which 
the effect of rolling on the flow lines can be clearly seen. 

The tensile strength of thin plates is usually greater than 
that of thicker plates in the rolled state, due to the relatively 
greater hardening effect; the same effect is also found in the 
case of rolled bars. Thus the tensile strength of a |-inch 
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diameter iron bar was found to be 24-1 tons p^r square inch, 
whilst that of a 2i-inch diameter bar of the same material was 
21*1 tons per square inch. 

The tensile strength of good mild steel plates* of from J to | 
inch thickness varies from 25 to 28 tons per sc[uarc inch, with 
an elongation of from 25 to 30 per cent, on 4 inches. 

The effect of bright drawing mild steel bar, even of low- 
carbon content, is to increase its tensile strength and hardness, 
but to reduce its elongation, as the following figures of Gmrensf 
show in the case of 0-12 per cent, carbon steel: 

TABI.E LV. 

Effect of Biikuit Dkawincj Low Cakbon Steel. 


1 

Treatment, 1 

. 1 

TensUe 

Sire iff jlh. 
Tons per 
Squ(i)e Inch. 

Elongation 
per Cent. 

Jieduetton 
of A rea 
per Cent. 

1. Hot rolled (untn'ated) 

2()-:i 

, 

32-7 

70-0 

2. Subjected to 1 drawing . . ' 

:i3-G 

15-G 

(hv3 

8. Subjected to 2 drawings . . 

38-2 

l()-2 j 

Gfi-S 

4. Subjected to 0 drawings . . 

03-7 

()•() 

30-0 


The hardness was increased from about 00 to 180, on the 
Brinell scale, from Condition No. I to No. 4. 

In Table LVT. the results of tests’*; upon bright drawn mild 
steel bars also show the liardeTiing effect of rolling in the 
case of the smallest bar. 


Low-Cm:bon Steel (Case-Hardening). 

Steels containing under about 0-15 per cent, of carbon are 
employed for parts in automobile and aircraft work which 
require case-hardening after manufacture, and in cases wherb 
expense prohibits the use of an alloy steel. 

The tensile strength of the material in the untreated state 
varies from 23 to 33 tons per square inch according to the 
carbon content. 

* Corresponding to a carbon content of from 0*18 to 0'2o per cent, 
t “Carnegie Scholarship Memoirs,” 1911, No. III. 
if Manufactured by Messrs, Flather, btd., Sheffield, 
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TABLE LVI. 

Tensile Test Results for Bright Drawn Mild Steel 
Bar (Untreated). 


Diameter of Bar. 

1 1 inches. 

f inch. 

1 

^ inch. 

Elastic limit (tons per square 
inch) . . 

29-60 

29-81 

36-56 

Tensile strength (tons per 
square inch) . . 

32-14 

32-68 

! 42-65 

Elongation on 2 inches (per 
cent.) . . . . . . 

44-0 

33-5 

14-0 

Reduction of area (per cent.) 

52-2 

61-0 

1 

53-8 


0*08 to ()'14 per cent, 
not over 0*2 ,, 

M 0-(30 

„ 0-04 

„ 0-04 


The following are the Engineering Standards Committee’s 
Specifications* for low-carbon steels for case-hardening. : 

(A) E.S.C. “ 10” Carbon CASE-H\RDENiNa Steel. 

Chemical Composition : 

Carbon 
Silicon 
Manganese 
Sulphur 
Phosphorus 

Check Test. — When normalized at 900*^ to 920® C. this steel shall pass 
in every particular the following check tost 

Tensile breaking strength . . 23 to 28 tons per square inch. 

Yield ratio . . . . . . nob less than 59 per cent. 

Elongation . . . . . . ,, ,,30 ,, 

Reduction of area . . . . „ ,,50 ,, 

The Brincll hardness number shall be approximately 92 to 112. 

(B) E.S.C. ”15” Carbon Case-Hardening Steel. 

Chemical Composition : 


0*12 to 0*20 per cent, 
not over 0*20 ,, 

0-65 to 1-00 
not over 0*07 ,, 

„ 0-07 „ 


Carbon 
Silicon 
Manganese 
Sulphur 
Phosphorus 

Check Test. — When normalized at 890® to 920° C. this steel shall pass 
in every particular the following check test 

Tensile breaking strength . . 25 to 33 tons per square inch. 

Yield ratio . . . . . . not less than 50 per cent. 

Elongation . . . , . . ,, „ 28 ,, 

Reduction of area . . . . ,, ,, 60 ,, 

The Brinell hardness number shall bo aiiproximately 103 to 143. 

* ” British Standard Specifications, for Wrought Steels for Automobiles,” 
June, 1918, 
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Dr. Hatfield, “ Steels used in Aero Work,” Aero, Journal^ 1918. f Elastic limit. 
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Table LVIL gives particulars of the chemical composi- 
tions, methods of heat treatment, and mechanical test proper- 
ties of some typical case-hardening mild steels. 

Applications of Low-Carbon Steels.— From the point of view 
of the automobile and aircraft engineer this steel is not used 
to any appreciable extent, except for the cheaper, more easily 
machined parts, subjected to wearing action, and therefore 
requiring a hard skin or surface. It is primarily used for parts 
not subjected to high stresses, such as gear-wheels, cam-shafts, 
pins, levers, spindles, worm and worm-whc(‘ls, valve tappets, 
starting dogs, constant mesh pinions, sliding pinions, cams, 
etc. 

This class of case-hardening steel is fairly easy to carburize 
to any depth, and if properly treated gives a much harder skin 
than any alloy steel, but possesses a much lower core tensile 
strength. 

Particulars of case-hardening processes will be found in 
Chapter VIII. 

Low-carbon steel tubes and ])latcs arc sometimes used 
for miscellaneous fittings in automobile work on account of 
the ease with which they can be manipulated, brazed, and 
welded. 

Medium Carbon Steels [0-2 to 0-5 per cent. Carbon], 

This type of steel is used for inexpensive classes of automobile 
work, and with suitable heat treatment can be made to give 
tensile strengths of from 40 to 50 tons per square inch. Tliis 
steel is also used for bolts, nuts, and washers, for drop- 
forgings and aeroplane cylinders of rotary or radial type. It 
js not suitable for case-hardening, but can be heat-treated with 
advantage. 

Steels containing from 0-4 to 0*5 per cent, of carbon are 
known commercially as “40-ton” steels; it is, of course, 
possible to obtain such steels by drawing steels of a much lower 
carbon content, but these are not suitable for the same class of 
work owing to their greater brittleness (or greater hardness 
and smaller elongation). 
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Engineering Standards Committee’s Specifications — 


1. E.S.C. “20’ 
Chemical Com position : 

Carbon 

Silicon 

Manganese . . 

Sulphur 
Phosphorus . . 


Carbon Steel. 


. . 0*15 to 0-25 per cent. 

. . not over 0*25 ,, 

. . 0-40 to 0-85 

not over 0*06 ,, 

0-00 „ 


Check Test , — When normalized at 800'’ to 020° C. this steel shall pass 
in every particular the following check test 

Tensile breaking strength . . 26 to 34 tons per square inch. 

Yield ratio . . . . . . not less than .50 per cent. 

Elongation . . . . . . ,, ,, 28 ,, 

Reduction of area . . . . ,, ,, 60 ,, 


The oorres{)onding Rrinell hardness number to bo approximately 105 


to 140. 


2. E.S.C. “35” Carbon Steel. 


Chemical Composition : 
Carbon 
Silicon 

Manganese . . 
Sulphur 
Phosphorus . , 


. . 0*30 to 0*40 per cent. 

. . not over 0*30 ,, 

. . (K50 to 0-85 „ 

not over 0d)6 ,, 

O’OC „ 


Check Test. — When normalized at 850° to 880° (J. this steel shall pass 
in every particular the following check t(‘st 

Tensile breaking strength . . JlO^to 40 tons per square inch. 

Yield ratio . . . . . . not less than 50 jier cent. 

Elongation .. .. .. ,, ,, 25 ,, 

Reduction of area , . . . ,, ,, 45 ,, 


The corresponding Bnnell hardness number to be approximately 121 
to 179. 


Mild Steel Bar for Aircraft Work. 

Bright drawn mild steel btar for making aeroplane bolts, 
nuts, washers, stampings, and forgings, can be readily 
machined, and the finished objects can be given a good appear- 
ance. • 

Steel of this type should fulfil the following mechanical tests : 


Yield point . . 

Tensile strength 

Elongation on 2 inches 
Reduction of area . . 


. . 25 tons per square inch. 

. . 33 to 38 tons per square inch. 

I When added together must be 
’ • equal to not loss than 60 per 
’ * t cent. 


The Brinell hardness number in the untreated state should 


lie between 155 and 170. 
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The Izod injpact test upon a lOX 10 mm. specimen* with a 
V notch 2 mm. deep, and angle of 45°, clamped at one end, 
should give an energy absorption of from 12 to 16 foot- 
pounds when the specimen is struck at 22 mm. above the 
notch. 

It is also usual to s]iecify a bend test upon bars of from I 
inch to I inch diameter — namely, that these shall be bent over 
through 180°, or double, until the internal radius is equal to 
the diameter of the test piece and the sides are parallel, as 
shown in Fig. 52. The specimen should not show any cracks 
or flaws upon the outer, or tension, side after this test. 

Table LVJIl. gives the chemical com])ositions, heat treat- 
ments, and mechanical properties of some typical makes of 
medium carbon steel. 

These steels are supplied by the manufacturer in the form 
of bars, billets, forgings, stampings, castings, tubes, and sheets, 
and examples of their use may be found in the case of loco- 
motive axles, high-s 2 )eed shafts, lathe spindles, levers, crank- 
shafts, f connecting rods,! gear shafts, axle tubes, torque 
tubes or rods, gear levers, etc. 

For aircraft work it is usual to sj^ecify for 40-ton steel for 
forgings and stampings, in addition to the tensile test, the 
following additional hardness and bend tests : 

1. The Brinell hardness number should be from 140 to 160 
in the untreated state. 

2. A circular siiecinuai of from .1 inch to | inch diameter, 
and of not less than 10 inches long, shall be bent over double 
until the sides are parallel, and the internal radius of the bend 
is equal to the diameter of the specimen, without showing 
any cracks or flaws on the outer surface {Le., the tension 
side). 

The yield point of 40-ton aircraft steel should not be less 
than 20 tons per square inch, and the respective ultimate 
percentage elongation on 2 inches and reduction of area should 
be about 24 and 40. 

* 8ee p. 142 for shape of standard specimen, 
t In the cheaper classes of automobile and similar engines. 
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Automobile 40-ton Steel. 

The medium carbon steels given upon the preceding pages 
to the E.S.C. Specifications, and also those shown in Table 
LVIII., are suitable in most cases for drop forgings and stamp- 
ings of an inexpensive nature, for automobile work. It is 
also used for aeroplane engine cylinder and crank-case forgings. 

The following analysis and mechanical test results refer to 
the material employed* for the Daimler motor-bus front axles 
and connecting rods. The steel employed was a medium 
carbon one, obtained from Swedish iron of special purity, and 
was stiff but ductile after heat treatment. 

The chemical composition was as follows : 

Carbon . . . . . . . . 0*28 to 0*3M per cent. 

Silicon ()-()5to0-10 ,, 

Manganese . . . . . . . . 0*50 to 0*65 ,, 

Sulphur . . . . . . . . 0-03 to 0*04- ,, 

Phosphorus... .. .. .. trace to O’ 40 ,, 

The tensile test results after treatment were as follows : 


Elastic limit 
Tensile strength 
Elongation in 2 inches 
Reduction of area . . 
Impact test . ? 


28 to 32 tons per square inch. 
40 to 40 ,, ,, 

20 to 25 per cent 
45 to 35 

00 to 70 foot-pounds. 


Figs. 164 and 165 show the structure of the above steel 
before and after heat treatment respectively. 


High-Carbon Steels. 

Steel containing 0-8 per cent, of carbon and above possesses 
a fine granular texture, is very hard, even in the rolled or un- 
treated state, and when suitably heat-treated can be made 
extremely hard; these steels are chiefly employed for tools, 
metals, stone, and timber-cutting instruments. 

In the hardened state this steel is brittle, but gives a high 
tensile strength, with small elongation. 

Most tool and cast steels belong to this class, for when 
quenched from about a cherry-red heat (from 760° to 850° C.) 
in oil or water, and then tempered (or reheated to a definite 

♦ “Materials for Motor- Bus Construction,” Engineering, January 17, 
1913, 
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temperature below the hardening heat) they are capable of 
yielding a very wide range of hardnesses and strengths, and 
suitable for a variety of purposes. 



Fia. U)4. —Front Axle Steel before Heat Treatment. Etched with 
r» PER ('ENT. Nitric A(td in Alcohol, x 1(50. 



Fia. 165. — Front Axle Steel, after Heat Treatment. Etched with 
5 PER Cent. Nitric Acid in Alcohol, x 160. 


The following table shows the effect of the carbon content in 
high- carbon steels upon the mechanical strength properties, 
and also the effect of hardening upon these properties : 
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TABLE LIX. 

Strengths of High-Carbon Steels.* (Lebasteur.) 



Original State. 

Hardened in Oil. 

1 Hardened in 

Water. 

Per^ 











centage 



i Cl . « 

. .1 

1 .1 

1 a .» 



\ a . T-. 

of 

Carbon. 

Elastic 
Limit, 
Tons pel 
Sq. Inch 

Tensile 
Strength 
Tons pel 
Sq. Inch 

Elongatio 
per Cent 
on S Inche 

Elastic 
Limit, 
Tons per 
Sq. Inch 

Tensile 
Strength 
T(m8 per 
Sq. Inch 

Elongatio 
per Cent 
on 8 Inchc 

Elastic 
Limit, 
Tons per 
Sq. Inch 

Tensile 
Strength 
Tons per 
Sq. Inch 

Elongatio 
per Cent 
on 8 Inth( 

0-490 

14-61 

30-48 

24-8 

28-32 

44-77 

12-0 

30-48 

49-53 

2-5 

0-709 

19-56 

43-31 

10-0 

43-69 

68-00 

4-0 

, Broke 

in tern 

pering. 

0-875 

20-83 

44-39 

8-4 

57-47 1 

67-31 

1-0 



1-060 

25-08 

54-61 

5-2 

Broke 

in tern 

pering. 

; { 

- 



The effect of increased ^nanganese content up to about 2 per 
cent, is to increase the tensile strength and diminish the elonga- 
tion; it appears to have the same effect as carbon. It also 
facilitates melting and forging of carbon steel. 

The hardness of high-carbon steel in the untreated state 
varies from about 180 to 280 on the Brinell scale. When 
hardened right out in oil or water the hardness varies from 
about 400 to 000. For any other temper, the hardness will be 
approximately proportional to the degree of tempering. 

Carbon steel for tools is emj)loyed commercially in about 
six different grades or “ tempers,” corresponding to the carbon 
content. 

Table LX.f on p. 335 affords particulars of typical carbon 
tool steels of different tempers, or hardnesses, with the corre- 
sponding carbon contents, forging, annealing, and hardening 
temperatures. 

It will be observed that the effect of increased carbon is to 
lower the annealing and hardening temperatures; this effect 
has already been pointed out.J 

The term “straight carbon” steel is often employed to 
carbon tool steel. 

* The test pieces were 0*8 inch in diameter and 8 inches between gauge 
points. 

t Tool steels manufactured by Messrs. G. P. Wall (Sheffield). 

X See p. 269. 
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TABLE LX. 

Properties of Tool Steels. 


Grade of Steel. 

Carbon 

Tcmjjeratures llecammended. | 

Remarks. 

per Cent. 

Fore/ing. i 

Annealing. 

Hardening. 

No. 1 Temper 

1*5 

800'H^ ! 

720°(^. 

700° (J. 

Not weldable. 

Suitable for 

.special turning 
and planing tools. 

No. 2 Temper 

1*25 

82.5° C. 

720° C. 

700° C. 

Not weldable. 

Suitable for 

machining tools, 
twist drills, and 
small culters. 

No. 3 Temper 

M25 

850° C. 

720° C. 

700° C. 

Weldable with 

great care. Suit- 
able for large 

turning tools, 

culters, tajis, 

jmnehes, dies 

reamers, etc. 

No. 4 Temper 

1-0 

87.5° C. 

720° C. 

700° C. 

i 

Weldable with 

care. For hot 

setts, largo 

punches, large 

taps, eold cliiscls. 

No. 5 'rempru' 

0*<S75 

900° C. 

750° C. 

78.5° C. 

Weldable. For 

chi.sels, .setts, 

dies, smiths’ 

tools, largo shear 
blades, masons’ 
tools, etc. 

No. 0 Temper 

0*75 

950° C. 

770° C. 

1 

1 

800° C. 

Easily weldable. 
For , hammers, 
general dies, and 
minors’ drills. 


The chemical composition of a typical carbon tool steel is 
as follows: 


Carbon . . . . . • • • . . 1*05 per cent. 

Silicon . . . . . . . . • . 0-20 ,, 

Manganese . . . . • . • . 0*35 ,, 

Phosphorus . . . . . . . • 0‘018 ,, 

Sulphur . . . . . . . . . . 0*015 ,, 
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The effect of sulphur in any appreciable quantity is to 
render the steel “ red short,” whilst phosphorus causes “ cold 
shortness.” 

Both silicon and manganese, up to about 0-5 per cent, tend 
to improve the melting and forging qualities of tool steel. 

The processes of hardening and tempering are considered in 
Chapter VIII. 

It should be pointed out that the term “ tool steel ” in 
eludes also alloy carbon steels, such as tungsten, cobaltchrom, 
air-hardening, self-hardening, and high-speed tool steels. 

Steel Castings. 

Castings can be made in steel similar to those of cast iron, 
but of at least twice the tensile strength; these castings arc 
now employed in place of cast-iron castings and steel forgings, 
but special precautions are necessary in order to ensure sound 
material. 

Steel melts at about 2000° C., whilst cast iron melts at about 
1500° C., so that steel castings have a much higher contraction; 
it is usual to allow about inch per foot contraction for steel 
castings. 

The greater contraction gives rise to severe internal stresses, 
but these may be obviated by judiciously employing other 
ingredients, such as silicon, aluminium, etc., and by properly 
annealing the castings after cooling. 

Sir Joseph Whitworth employed a process for subjecting 
the steel during casting to hydraulic pressure; such fluid 
compressed steel is remarkably sound and strong. 

A marked improvement in the manufacture of steel castings 
for automobile work has been made by the employment of 
'electric furnaces for melting the steel, as the heat can be regu- 
lated much better, and there are no products of combustion 
present. 

In the Stassano* electric furnace the steel is melted in a 
closed crucible by means of an electric arc flame, which is 
directed downwards upon the metal through the slag ; in this 
way the slag is always hotter than the metal, and the sulphur, 
♦ Fig. 223. 
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phosphorus, and other impurities are absorbed^ by the slag. 
The furnace can be rotated by an electric motor, so that the 
metal can be stirred and uniformly mixed. 

There appear to be two principal types of steel casting used 
in high-class engineering work — namely : 

1. A soft mild casting capable of being forged, with a tensile 
strength of about 26 to 28 tons per square inch, and from 24 
to 28 per cent, elongation. 

2. A casting giving a tensile strength of about 40 tons per 
square inch, with a 15 per cent, elongation. 

Compodtion . — The amount of carbon varies from 0-25 to 
1-0 per cent., and of manganese from 0-3 to 0*7 per cent. The 
effect of increased silicon up to 0*5 per cent., and manganese 
up to about 0-6 per cent., is to increase the strength but to 
reduce the ductility. 

The composition of a typical good ^tecl casting is as follows : 

Carbon . . . . . . . . 0*27 to 0*30 per cent. 

Manganese . . . . . . . . OwO to 0*85 ,, 

Silicon . , . . . . . . 03 to 0*4 ,, 

Siilpliur •. . , . . . . . not more than 0*04 per cent. 

Phosphorus . . . . . . . . „ ,, 0’04 „ 

The elfcets of annealing and oil-toughening are important : 
annealing relieves any internal strains and also improves the 
strength and ductility, as the figures in Table LXI. show. 
Annealing at a dull red heat (that is, at about 900"^ C.) should 
continue for at least twenty-four hours. 

TABLE LXI. 

Effect of Annealing and Hardening Steel Castings.* 


As Cast. 

A nnealed. 

Hardened and again 
Annealed. 

Tensile 
Strength^ 
Tons 'per 
Square 
Inch. 

Elongation 
per Cent. 

Tensile 
Strength, 
Tons per 
Square 
Inch. 

Elongation 
per Cent. 

Tensile 
Strength, 
Tons per 
Square 
Inch. 

Elongation 
per Cent. 

24 

1 to 5 

27 to 30 

3 to 8 

27 to 36 

12 to 20 


♦ Considiere, “ L’EmpIoi du For." 

22 
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TABLE LXIL 

Efp^ct of Carbon, Silicon, and Manganese, upon the 
Strength and Ductility of Steel Castings. 
(Foster.)* 


Composition per Cent. 

Tensile 

Strength, 

Elongation 
per Cent. 

Reduction of 
A?ea 
per Cent. 

Carbon. 

Silicon. 

Manganese. 

Tons per 
Square Inch. 

on 

1-75 Inches. 

0-30 

0-22 

0-63 

31-0 

24-0 

43-8 

0-35 

0-23 

0-61 

33-0 

22-2 

41-0 

0-50 

0-40 

0-66 

4.5-2 

,5-d 1 

0-3 

0-77 

0-46 

0-1)7 

39-8 

1-9 

3-3 

0-96 S 

0*62 

0-64 

i 

35-G 

1-0 

1-8 


TABLE LXIII. 

Properties of Steel Castings. (Unwin.) 


Type. 

1 Yield Point, 
or Elastic Limit, 
Tons per 

1 Square Inch. 

Tensile Strength, 
Tons per • 
Square Inch. 

Elongation 
per Cent, on 
2 inches. 

Soft steel castings . . 

1 12 

27 

22 

Medium ,, 

1 

31 

18 

Hard 

1 

38 

15 


Note . — The values given represent the minimum limits which may be 
specified in practice. 


Steel castings are widely employed in shipbuilding and 
general engineering work, and are often more convenient and 
cheaper to make than steel forgings. In automobile and air- 
craft work these castings are employed for brackets, covers, 
spanners, pulleys, complicated parts difficult to forge or 
machine to shape, etc. Fig. 165a shows a few typical examples 
of automobile steel castings, f 

The following is an abstract from the ‘‘ Specifications of 
Steel Castings ” of the American Society for Testing Materials ; 

♦ Proc. Inst, of Civil Engineers, vol. xc., p, 
t The Braintree Casting Co, 
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These specifications cover two classes of castings — namely: 

Class A. — Ordinary castings, where no physical requirements are speci- 
fied. 

Class B. — Those for which the requirements are specified.^ There are 
three grades in Class B — viz., Hard, Medium, and Soft. 

Chemical Composition : 

Class A : Carbon, not over 0*3 per cent.; phosphorus, not over 0*06 per 
cent. 

Class B : Sulphur and phosphorus each not over 0*05 per cent. 

Physical Properties (Class B): 

TABLE LXIV. 


rijpe. 

] 

Yield Point, 
Pounds per 
kSquare Inch. 

Te n s il e Stre n<jth , ' 
Pounds per 
Square inch, i 

] 

Elonqation 
per Cent, in 

2 inches. 

Reduction of 
Area per Cent. 

Hard 

36,000 

80,000 : 

15 

20 

Medium . . 

31, .500 

70,000 

18 

25 

Soft 

27,000 

60,000 ! 

22 

30 

- 

__ 



. 


Bend Tests. — The test spoeimens for soft castings sliall bend cold through 
120°, and for medium castings through 00°, around a 1-inch pin, without 
cracking on the outside of the bent portion. Hard castings shall not be 
subject to bend-test requirements. 

Heat Treatment. — (dass A castings need not be annealed unless other- 
wise specified. Class B castings shall bo annealed, which consists in allow- 
ing the castings to become cold, and then uniformly reheating them to the 
proper temperature to reliiie the grain, and allowing them to cool uniformly 
and slowly. 

Percussion Test. — The casting is suspended by chains and hammered 
all over by a hammer of a weight approved by the purchaser. If cracks, 
flaws, or weaknesses appear after such treatment the casting will be rejected. 

Aircraft and Automobile Castings. 

It is usual to specify steel castings to conform with the 
Engineering Standards Committee’s Report, No. 30 — namely, 
“Steel Castings for Marine Purposes” — in the absence of 
later standardization. 

The tests which the castings must fulfil correspond to those 
of Grade B in this Report, which specifies a tensile strength of 
not less than 26 tons per square inch with a minimum elonga 
tion of 20 per cent. 
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The usual bending test specified is for a 1 incji square bar 
to be cast on each casting, or separately; this bar should be 
capable of being bent to an angle of 120° without signs of flaw, 
or cracks. 

The steel castings used for motor-bus work, and made by 
the Daimler Co.,* were made from haimatite pig iron melted 
in a special furnace and then blown, so that no additional 
sulphur was taken up as in the case of the ordinary methods 
where the metal is melted in on(^ cupola and then transferred 
to the converters before being blown. 

The castings were normalized after fettling by heating up to 
a temperature above the reealeseent point and allowing to cool 
slowly. 


Oil-Quenching. 

For certain purposes the castings arc “ oil- toughened ” by 
heating up to the same temperature and quen(;hing in oil. 

The effect of oil-quenching is to refine the grain, and to raise 
the tensile strength by a few tons per square inch, and to 
increase the elongation. 

The impact test value before oil-toughening is about 10 
to 12 foot-pounds, whereas after the process it is increased 
to from 25 to 45 foot-pounds according to the size of the 
casting. 

The following is given as an average analysis of the steel 
castings made by Messrs. DaindiT: 


Carbon 

KSilicon 

►Sulphur 

Phosphorus 

Manganese 


0*20 to 0-24 per cent. 
()-18toO-22 
()*015 to 0-030 „ 
0-024 to 0-04 „ 

O-GO to 0-70 


The mechanical test results corresponding are: 


Elastic limit . . 
Tensile strength 
Elongation in 2 inches 
Reduction of area 


20-6 tons per square inch. 
30 

22 to 25 per cent. 

35 to 40 


* “ Materials for Motor- Bus Construction,” Engineering^ January 17, 
1913. 
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Figs. 166 and 167 show typical micrographs of the steel 
structure of the above castings before and after annealing ; 



Fig. 106.-- Automobit-e Steel Casting befobe Heat T]{eattvient. 
Etched with per (-ent. Nitric Acid in Atardiol. x KiO. 



167. — Automobile Steel Casting after Heat Treatment. 
Etched with 5 per Cent. Nitric Acid in Alcohol, x 100. 


the effect of the latter process upon the granular structure is 
marked. 



CHAPTER VI 

ALLOY OR SPECIAL STEELS 


Thr term “alloy” steel is rather a misnomer, for there is 
no so-called carbon steel which is entirely free from elements 
other than carbon. 

Carbon steels invariably contain small percentages of silicon, 
manganese, sulphur, and phosphorus, and it has been found 
that the presence of small quantities of silicon are a distinct 
advantage; and the same applies to manganese. Both of 
those elements are usually kept down below 1 per cent, in 
carbon steels. 

When other elements, such as nickel, chromium, vanadium, 
or tungsten, are introduced, even in small amounts, the 
properties of the steels formed are affected in a marked manner ; 
similarly, when either the manganese or silicon content is 
notir*eably increased the properties of the steel are altered. 

These steels are usually termed “ alloy ” or “ special ” 
steels, and they possess peculiar strength and fatigue-resisting 
qualities, which render them very suitable for aircraft and 
automobile work. 

In aircraft work, where maximum strength for weight is of 
primary importance, alloy steels have almost entirely sup- 
planted the older mild steels. 

For automobile >vork, where the parts are subjected to^ 
repeated and reversed stresses due to road shocks, torque 
variations, and similar causes, alloy steels are now widely 
employed. 

These steels are more expensive than carbon steels, more 
difficult to work, and require, as a rule, considerably more care 
in the heat treatment necessary for the development of their 
special properties. 


343 
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In certain instances, such as in the case of malleable iron 
and steel castings, carbon-steel stampings and forgings, and 
in the case of parts requiring a very hard skin after case- 
hardening, iron and darbon steels are found to possess certain 
advantages in the matter of cost, convenience, and treatment, 
and are therefore widely used for their particular purposes. 

The properties of a carbon steel of given carbon content can 
be varied over a very wide range by the addition of small 
amounts of certain elements, such as nickel, chromium, vana- 
dium, or tungsten, which affect the nature of the carbon and 
iron in the structure of the resulting metal. 

The following results show the effect of the above elements 
upon the mechanical properties of steel of 0-30 per cent, carbon 
content in the untreated condition: 


TABLE LXV. 

Effect of Different elements upon the Properties 
OF 0-30 PER Cent. Carbon Steel (untreated). 


Yield I TensUe | 

Point, I litrerujth, ' Elongation Pcduciion 

Other Elements Present. Tons fer j Tons per on 2 Inches, oj Aren 
S(/narc ' Square per Cent. per Cent. 


1 

Inch. 

Inch. 



Plain 0*30 per cent, carbon 
steel 

17 

20 

30 

55 

With 3 per cent, nickel . . 

24 

42 

24 

45 

With 3*5 per cent, nickel i 
and 0-75 per cent, chro- 
mium . . . . . . 

43 

52 

17 

45 

With 1*3 per cent, chro- ! 
mium and 0-18 per cent, 
vanadium . . . . 1 

44 

55 ! 

16 

45 

With 12‘0 per cent, chro- ' 
mium 

38 - 

48 

20 

47 


By heat-treating these steels their mechanical properties 
can be varied over a very wide range as compared with plain 
carbon steels. 

In general, as the percentage of carbon in alloy steels in- 
creases, so does the yield point and tensile strength increase 
and the elongation decrease. 

The maximum percentages of carbon occur in high-speed 
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tool steels, in which from 0*8 to about 1 -8 per cent, of carbon 
occurs. 

Almost all of the modern alloy steels contain below about 
0*45 per cent, of carbon, as a reference to Table LXVIIE. 
will show. 

Classification oi Alloy or Special Steels. 

Steels employed in aircraft and automobile work may bo 
classified either according to their compositions and heat 
treatments or according to the nature of the loads or stresses 
to which they arc particularly suited. In the following con- 
siderations the former method will be primarily followed, as 
it affords a inore (!onvenient means of refen'.nce. 

The second method is of interest from the (h'signcr’s point 
of view, and consists in dividing the types of loading which 
occur in practice into classes, and then allotting to each class 
all appropriate steels. 

There are five principal cla.sses of nu'chanical actions, each 

corresi)oncling to distinct conditions of strength and wear 

occurring in automobile and aircraft work — namely : 

c, 

(a) Simple shear, tension, or compression. 

(b) Alt(‘rnating shear, tension, or compression. 

(c) Sudden blows, shocks, or impacts, causing simple 

stresses. 

(d) Pure wearing or abrasive action, with light stresses. 

(e) Pure wearing or abrasive action, with alternating or 

impact stresses. 

Many other conditions of combined stresses and abrasive 
actions may, and often do, occur in practice, but the 'above 
represents a convenient and representative classification. • 

In class (a), and more especially in cases where weight 
considerations are secondary to those of convenience and 
economy of manufacture, the low and medium carbon steels 
may be employed— -for example, for chassis frames, tie-rods, 
brackets, etc., on automobiles. 

Classes (b) and (c), which occur in aircraft, aero-engine 
and automobile work, are usually associated with weight 
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economy conditions, and are frequently unassociated with 
cheapness considerations; they therefore almost invariably 
require the highest grades of alloy steels suitably heat-treated, 
and especially appropriate to their particular purposes — for 
example, the nickel, nickel-chrome, and chrome-vanadiutn 
steels are very suitable for these two classes. 

Class {d) demands, as a rule, only a good wearing surface 
material. Cast iron is particularly suitable in many cases, 
such as for pistons and cylinders, valve-seatings, etc. 

Case-hardened mild steel is also appropriate for machined 
parts where cost and high- core strength are not essential. 
This material is easy to machine and cheap, and can be given 
a glass-hard surface by case-hardening. It is employed for 
small pins, forgings with wearing parts, bolts, nuts, forks, and 
eyes, and almost all lightly stressed members subject to abra- 
sive action. 

Class (e) combines the requirements of classes {b), (c), and 
(d), and necessitates the use either of a case-hardening alloy 
steel, such as low nickel or nickel-chrome steel, or of a hard- 
ened alloy or carbon steel, such as a quenched or quenched 
and tempered alloy steel or high carbon steel. Air-hardening 
nickel-chrome and tungsten-steels are suitable for this pur- 
pose, and in cases where high simple stresses occur combined 
with abrasive action. 

Ball-bearing components are examples of this latter type 
of “ high simple stress with wear ” class. 

Effect of Heat Treatment. 

It is possible to employ the same alloy or carbon steel for 
different classes of work by simply varying the heat-treatment. 
Tn particular, the alloy steels are frequently employed in a 
variety of degrees of hardness and strength, obtained purely 
by heat- treatment processes, for a variety of different purposes. 
As an example might be quoted a typical nickel-chrome, oil- 
hardening steel* for which the following results are obtained 
by heat-treating in the manner specified: 


Manufactured by S. Osborne and Co,, Sheffield. 
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TABLE LXVI. 

Variation of the Mechanical Properties or Nickel- 
Chrome Steel by Heat Treatment. 


Condition. 

Elastic 
Limit, 
Tons per 
Square 

1 nch. 

i Tensile 
Strength, 
Tons per 
Square 
Inch. 

\Elongation 

on 

: 2 Inches, 
i per Cent. 

Reduction 
of A rea 
per Cent. 

Brinell 

Hardness. 

1 . Annealed . . . . 

2. Oil-quenched from 

8:15° C!. and tem- 

37 

i 

45 

45 

^ GO 

212 

pered to C. . . 

d. Od-quenchod from 
8;]r)^ C. and tem- 

02 ! 

1 

1 

1 

G6 

19 

GO 

302 

])ered to 400° ('. . . 
4. Od-quenehed from 
8.45° 0. and tem- 

78 1 

i 

89 

12 

45 

387 

pered to 200° C. .. . 

07 1 

1 

101 ' 

10 

40 

477 


This steel in the annealed condition would be suitable for 
bolts, studs, and small parts subject to vibration, whilst in the 
heat-treated condition would be appropriate for crank-shafts, 
connecting-rods, torque members, etc. 

Figs. 168, 161), and 170 show ifi a very convenient graphical 
manner how the tempering process affects the properties of 
nickel-chrome, air-hardening nickel-chrome, and chrome- 
vanadium steels, respectively, after quenching from the 
temperatures stated upon the diagrams. 

Fig. 168 refers to Messrs. Allen’s* nickel-chrome steel 
(N.C.S.) which is suitable for parts subjected to shocks, or 
impacts and alternating stresses, such as crank-shafts, gear- 
shafts, connecting-rods, axles, pins, links, etc. 

Fig. 161) refers to a chrome- vanadium steel also made by 
Messrs. Allen, and which is much used for automobile work.* 
It is easier to machine and stamp than nickel-chrome steel, 
but can be employed for the same purposes. 

Fig. 170 represents the properties of an air-hardening nickel- 
chrome steelf containing [0-25 to 0-35] per cent, carbon, 0*45 

* Messrs. Edgar Allen and Co., Sheffield, 
t Manufactured by Messrs. Vickers, Ltd., Sheffield. 
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I^ICKEL CH«OME STEEL 



Fia. IOS.-Meohanical Propektijs op Nickel-Chrome Steel for Different 
Tempering Temperatures. 
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CHI^IME VANADIUM STEEL 



Fio. 169. — Mechanical Properties op Chrome- Vanadium Steel for 
Different Tempering Temperatures. 
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per cent, manganese, [3-60 to 4-25] per cent, nickel, and [1-0 to 
1*5] per cent, chromium. 



Fig. 170. — Mechanical Properties of Air-Hard enino (Nickel-Chrome) 
Steel for Various Tempering Temperatures. 

Referring again to Fig. 168, it will be seen that, as the 
temperature of tempering increases, the yield point, tensile 
strength, and hardness decrease, whilst the percentage elonga- 
tion and imp^c^ v^lue progressively inerease. 



ALLOY OR SPECIAL STEELS 


351 


In the case of the air-hardening nickel-chronre steel shown 
in Fig. 170, the Brinell hardness for the air-hardened state 
from 820'" C. is 426, whereas when reheated to 650'" C., it is 
about 250. The corresponding values of the tensile strength 
are 107 and 56 tons per square inch respectively. 

Classification according to Compositions. 

Reverting once again to the question of classifying alloy 
steels* according to their constituents, the method proposed 
by Dr. Guillett for French automobile steels divides these into 
six different classes, as follows : 

1. Steels with low carbon and low nickel contents (carbon, 
from 0-1 to 0-25 per cent.; nickel, from 1 to 6 per cent.) 
suitable for parts requiring case-hardening and quenching, 
and apj^jropriate for shafts, gears, pins, cams, etc. 

2. Steels with medium carbon contents and low percentages 
of nickel (carbon, from 0-25 to 0-40 per cent. ; nickel, 1 to 6 
per cent.), which require quenching and tempering, and are 
suitable for shafts, connecting-rods, axle.s, forgings, etc. 

3. Steels with low carbon content and high percentages of 
nickel (carbon, from 0-1 to 0-2 per cent. ; nickel, from 32 to 36 
per cent.), suitable for exhaust valves and non-corrodible ” 
parts. 

4. Chrome steels, containing high carbon content and low 
chromium content (carbon, DO to D2 per cent; chromium, 
DO to 25 per cent.), suitable for bearings. 

5. Silicon steels, containing medium carbon and silicon 
contents (carbon, from 0*3 to 0-7 per cent.; silicon, 0*8 to 2-5 
per cent.), suitable for springs. 

6. Nickel-chrome steels of medium carbon content (carbon, 
from 0*25 to 0*45 per cent.; nickel, from 2*5 to 2*7 per cent.; 
chromium, from 0*275 to 0*6 per cent.), suitable for a variety 
of automobile parts subject to shock, but requiring a certain 
degree of hardness. 

Since Guillet’s classification other types of alloy steels have 

* 8ee p. 345. 

f Journal of Iron and ^teel Inalitnte, vol. ii., p. 166. 
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been developed, which tend rather to extend the number of 
classes than to alter the existing ones. 

The author has adopted the following method of grouping 
the present alloy steels, based primarily upon their respective 
compositions, and also upon their applications : 

(A) Case-Haidening Alloy Steels, including 2 per cent, nickel, 
per cent, nickel, 5 per cent, nickel, and nickel-chrome 
steels. 

{B) Nickel Steels, including 3 per cent, nickel up to 6 per 
cent, nickel, and 25 per cent, nickel steels. 

(C) Nickel- Chrome Steels, including carbon, from 0-15 to 0-35 
per cent. ; nickel, from 2 to 5 pcT cent. ; and chromium, from 
0-3 to 1-5 per cent, (includes air-hardening steels). 

[D) Chrome-Vanadium Steels, including from 0-2 to 0*5 per 
cent, of carbon, frojii 1 to 2 per cent, of chromium, and 0-10 
to 0-30 per cent, of vanadium. 

{E) High Chrome Steels, or “stainless” steels, containing 
from 0-3 to 0-50 per cent, of carbon, and from 11 to 14 per cent, 
of chromium. 

(F) Silicon, and Silico-Chromium Steels, for springs, with 
carbon, from 0-0 to -01 per cent.; silicon, from 0-2 to 2-5 per 
cent. ; and chromium, from 0 to 0-8 pc^r cent. 

(0) High Manganese Steels, or “ noa-magnetie ” steels, with 
from 0‘C to 1*4 per cent, of carbon, and froju 11 to 15 per cent, 
manganese. 

{H) Tungsten, or “ high-speed and magnet steels,” containing 
carbon, from 0-6 to 1*8 per cent., and tungsten, from 4 to 15 
per cent. 

There are many other types of special alloy steels, such as 
nickel-chrome-vanadium, nickel-vanadium, chrome-tungsten, 
‘cobalt-chrome, carbon- vanadium steels, and no doubt many 
new steels will be discovered in the future which come outside 
any of these classes. Tool and high-speed steels* are also in a 
class by themselves. 

Table LXVII. shows in convenient form the compositions 
and applications of the previously mentioned steels in the 

♦ Further reference to the properties of these steels is in^de ypon 
p. 387. 
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TABLE LXVIIl.— The Proper 


« 


Chemical Analy- 
sis {Camposition 
per Cent.). 

Malarial. 

Heat Treatment 

Oarbon. 

Silicon. 

Vickers’ 3 per cent, nickel 

Normalized at 840° C. 

0-25 to 

0-36 

steel 


0-37 

(max.) 

Ditto 

Oil- hardened at 840° C., and tem- 
pered at 550° C. 

- 

Firth’s 3 per cent, nickel 

Oil- hardened at 850° C., and tern- 

0-30 to 

()-30 

steel 

pered at (530° C. 

0-40 

(max.) 

Allen’s 3 per cent, nickel 
steel 

Oil-quenched at 850° C., and tem- 
pered at 500° C. 

— 

— 

Vickers’ mild nickel- 

Oil-hardened at 830° C., and tetu- 

0-18 to 

0*35 

chrome steel 

pered at 500° to (500° C. (prefer- 
ably (500° C.) 

0-25 

(max.) 

Vickers’ medium nickel- 

Oil-hardened at 825° (k, and tern- 

0-25 to 

0-35 

chrome steel 

pored at 500° to 020° C., followed 
by oil or water quenching 

()'35 

(max.) 

Vickers’ hard nickel- 

(3il-hardened at 820° (k, and tom- 

0'30 to 

0-35 

chrome steel 

pered at 550° to 000° C., followi'd 
by oil or water quenching 

0*40 

(max.) 

Firth’s nickel - chrome 

Oil-hardened at 830° Ck, and tern- 

0-28 to 

0-30 

steel 

pered at ()00° C., followed by 
quenching 

0-34 

(max.) 

Firth’s air - hardeninjj; 

Air-hardened at 810° Ck [May also 

0-25 to 

0-30 

nickel-chrome steel i 

be tempered at 250° (k to improve 
the elongation for same tensile 
strength] 

0-32 

(max.) 

Vickers’ air - hardening 

Air-hardening and tempered between 

0-25 to 

0-35 

nickel- chrome steel 

5(50° and (540° C. 

0-35 

(max.) 

Ditto 

Air-hardened at 820° Ck, tempered 
at 200° C. and quenched 
Oil-hardened at 850° C., tempeied 

” 

0-30 

Firth’s chrome-vanadium 

0-37 to 

steel 

at 050° C. 

0-42 

(max.) 

Firth’s stainless chrome 

Oil-hardened at 900° C., tempered 

0-30 to 

0*30 

steel 

at 000° C. 

0-50 

(max.) 

High nickel steel (non- 
magnetic) 

Quenched 

0*25 

— 

Manganese steel (non- 

Quenched from 900° to 950° C. 

1-0 to 

0-30 to 

magnetic) 


1-3 

0-40 

Tungsten (magnet) steel 

Quenched 

0-0 to 
0*8 

0-30 

(max.) 

Carbon spring steel . . 

Hardened and tempered 

0-90 to 
0-10 

0-16 to 
0-26 

Silicon steel (spring) 

Annealed 

0‘50 

1-76 

Ditto 

Heat-treated . . 

,, 

f ♦ 

Chrome steel (Vickers’ 

Normalized. Spring plates, f inch 
thick, oil -hardened at 820° C., 
and tempered from 450° to 500° C. 

0*55 to 

0*20 to 

spring steel) 

0-65 

0*50 

Ditto 

— 

” 
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Chemical Analysis , * 

{Composition per Cent.). Mechanical Properties. 






Yield 

Tensile 

Percent- 

Percent- 

age 

Reduct- 
tion 
of A tea. 

Izod 

I m pact 
Test, 
Foot- 
Pounds. 


Man- 

ganese. 

Nickel. 

Chro- 

mium. 

Vana- 

dium. 

Point 
( Tons 
per 

Square 

Inch). 

Strength 

{Tons 

per 

Square 

Inch). 

age 

Elonga- 
tion 
on 2 
Inches. 

Brinell 

Hard- 

ness 

No. 

0*35 to 
0-75 

2-76 to 
3-75 

0-30 

(max.) 

— 

20 

35 to 50 

24 

45 

— 

152 to 
229 




— 

32 

45 to GO 

22 

50 

35 

201 to 

0*50 to 
0-80 

2*75 to 
3*25 

— 

— 

29-2 

45 to 55 

22 

50 

40 

277 


“ 

— 

— 

45 to 55 

55 to G5 

20 to 15 

55 to 45 

— 

— 

0*25 to 

3*26 to 

0-4() to 



40 

50 to GO 

19 

55 

40 

217 

0*55 

4-00 

0*80 


(min.) 



0-25 to 
0-55 

3-25 to 
4-00 

0*45 to 
0-75 

— 

45 

(mm.) 

55 to 65 

18 

50 

35 

240 to 
311 

0-25 to 
0-60 

3-25 to 
4-00 

0*45 to 
0-75 

- 

50 

(mm.) 

GO to 70 

17 

40 

30 to 35 

269 to 
341 

0-45 to 
0-70 

3-00 to 
3-75 

0*50 to 
1-00 

— 

40 to 50 

55 to G5 

20 

50 

40 

- 

0-35 to 
O-GO 

4*0 to 
4-5 

1-00 to 
1-50 

— 

— 

90 to 
120 

16 to 8 

20 

20 to 10 

— 

0'35 to 
0*55 

3-50 to 

1*00 to 



45 

55 to 65 

15 

45 to 50 

35 

240 to 

4' 25 

1-50 


(min.) 





311 2 

»» 

*> 

>» 

— 

75 

100 to 

8 

20 

8 

429 to 

0-60 to 

— 

1-20 to j 

(mm.) 
IJ*lGto 40 to 50 

125 

55 to G5 

18 

50 


555 

0*85 


1'4() 

0*20 






0*20 to 

— 

ll-O to 

— 

3S to 45 

50 to 60 

18 

45 

40 , 


0-50 


14-0 






0-30 

25-0 


— 

15 

40 

45 

50 

— 



12-0 to 
15-0 

— 

— 


190 

35-0 

20 

50 

_ 


0*20 to 
0-40 

Tungs- 

ten 

5-0 to 

— 

— 

— 

— 

— 

— 

— 

500 to 
650 


6-0 









0-25 to 

Copper 

— 



25 to 30 40 to 60 16 to 20 




0*50 

0*30 to 









0-65 

0*06 









— 

— 

— 

— 

30 to 40 26 to 20 






0*60 to 
0*80 

— 

— 

— 

— 

60 to 90 16 to 6 

36 to 30 




— 

0*45 to 

— 

30 

65 to 66 

16 




235 to 


0*70 


(min.) 


(min.) 



277 


— 


— 

75 

90 to 

7 





418 to 







(min.) 

100 

(min.) 
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order of their classification, but the examples*are more or less 
limited to automobile and aircraft engineering work. 

Table LXVIII. gives in more detail the chemical analyses 
together with the corresponding mechanical strengths of 
typical aircraft and automobile steels when heat-treated* in 
the manner specified; the results shown are actual analysis 
and test figures. 

The case-hardening alloy steel results are given in Table 
LXIX. 

At the end of the present chapter will be found in Tables 
LXXX., LXXXI., LXXXIL, and LXXXITI. some useful 
particulars regarding the application of alloy steels to aircraft 
and automobile work. 


Application and Use of Alloy Steels. 

It is not within the scope of the present work to discuss the 
methods of manufacture of the various materials mentioned, 
but a few remarks may not be out of place anent the great 
care that is necessary in the preparation and application of 
alloy steels. 

In the first place, it is necessary during manufacture to 
obviate all possibility of defects arising in the material before 
it reaches the rolls; most of the alloy steels are more liable to 
surface markings, flaws, and blemishes in the early stag(is of 
their manufacture. The billets are carefully inspected, and 
all visible surface flaws arc removed by chipping with a pneu- 
matic chiself made of a special high-speed steel; the large 
billets arc then rough-turned in a lathe before being rolled to 
the finished size. These processes involve a certain small loss 
in weight of the material, but amply repay the trouble b^ 
eliminating defects which might otherwise tend to cause the 
rejection of the batch of material through failure to conform 
to a given specification. 

Samples of typical batch materials are taken, analyzed, and 

* Tho subject of heat treatment is considered in Chapter VIII. 

f Tho author is indebted to Messrs. Edgar Allen for the above notes 
upon their methods for eliminating the possibilities of defects in their steels. 
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subjected to mechanical tests, in order to check uniformity in 
composition, heat treatment, and strength. 

A certain amount of, experience, usually only derived from 
actual practice, is necessary in the selection of alloy steels and 
in their subsequent heat treatment. Most of the failures 
which occur in engineering work can usually be traced back, 
either to the selection of the wrong material for the purpose 
or to the incorrect heat treatment. In the latter case, the 
article may have been carefully designed and manufactured, 
but either over- or under-heated before quenching, or wrongly 
tempered. 

The use of correct hardening furnaces, tempering baths, and 
accurately reading pyrometers, together with a strict adher- 
ence to the steel manufacturers’ instructions, will obviate any 
such failures. 

In utilizing special steels attention should be paid to the 
size and shape of the articles manufactured from tliem, for the 
effect of ‘‘ mass ” * has a marked influence upon the heat- 
treatment process; for example, small, light, and fragile parts 
do not require to be heated to such a high temperature, or for 
so long a time, as heavier and more solid parts of the same 
material. Again, it is necessary to know the behaviour of the 
selected steel in forging, rolling, or stamping, since some steels 
are notably difficult to work and often quite unsuited to the 
particular class of work. 

Case-Hardening Alloy Steels. 

Carbon steels containing from 2 to 5 per cent, of nickel, or 
both nickel and chromium, possess the advantage over ordin_ 
ary mild steels of a much stronger core after being case- 
hardened, although the hardness of the carburized layer or 
skin is not equal to that of carbon steels. 

In high-grade automobile and in aircraft work, these alloy 
steels are replacing carbon steels; but for cheaper and less 
important work, and in cases where the skin hardness is of 
primary importance, case-hardening carbon steels are to be 
preferred. 

* See Chapter VIII. 
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The principal advantage of case-hardeningi alloy steels lies 
in the fact of their possessing a tougher core, capable of with- 
standing reversed stresses and shocks, and of providing lighter 
parts of equal strength to those made of carbon steel. 

As will be seen from the figures given in Table LX IX., it is 
possible to obtain cores having tensile strengths up to 85 tons 
per square inch, with a 10 per cent, elongation, whereas the 
maximum tensile strength in the case of carbon steels is about 
40 tons per square inch in the harchmed condition. 

The following specifications are given by the Engineering 
Standards Committee for case-hardening nickel steels: 


(A) E.S.C. 2 PKK Cent. Nickel Case-Hardening Steel. 


CJn’V)u'al Com pasition : 
CJarbon 

Manganese 
Sulplinr 
Phosphorus 
Nickel . . 


0*10 to O’ 15 per cent, 
not over 0*3 ,, 

0-25 to ()’50 
not over 0’05 ,, 

„ 0-05 „ 

2-00 to 2-50 


ChrrJc Test . — When nortnalized at 850° to 000° C. this steel sliall jiass 
in every particular the following tost 

Tensile strength . . 25 to 35 tons per square inch. 

Yield ratio . . . . . . not less than 55 pel cent. 

Klongation . . . . . . ,, ,, 30 ,, 

Reduction of area . , . . ,, ,,55 ,, 


The corresponding Hiinell hardness number should be apiiroxiniately 
103 to 153. 


(B) E.8.C. 5 PER Cent. Nickel Case-Hardening Steel. 
Chemical Com pomtion : 

Carbon .. .. .. .. not over O’ 15 per cent. 

Silicon . . . . . . . . ,, 0’20 ,, 

Manganese . . . . . . . . ,, 0’40 ,, 

Sulphur . . . . . . . . ,, 0’05 ,, 

Phosphorus . . . . . . . . ,, 0-05 ,, * 

Nickel . . . . . . . . . . 4’75 to 5-75 ,, 

Check Te-it . — When normalized at 820° to 800° C. this steel shall pass 
in every respect the following check test 

Tensile breaking strength . . 25 to 40 tons per square inch. 

Yield ratio . . . . . not loss than CO per cent. 

Elongation . . . . . . ,, ,, 30 ,, 

Reduction of area . , , . ,, ,, 55 ,, 


The corresponding Brinell hardness number should be approximately 
103 to 179. 
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Effect of Heat Treatment upon Properties of C. H. Nickel Steel. 

In Table LXX. the results* given were obtained upon 
specimens of nickel steel, treated in the manner indicated. 

The section of the specimen influences its mechanical proper- 
ties, the smaller sections being relatively the stronger; this 




Fio. 171. — Case-Hardened Nickel Steel Bars. (Vickers.) 


A, Quenched in boiling water 

B, Quenclicd in cold water. 

will be seen by comparing the results (3) and (4) in the above 
table. For small gears, etc., the strengths will correspond to 
those of (3) and (4). 

Nickel Steels. 

These may be classified into two classes — namely, the low 
and the high nickel steels; the former class comprises steels 
containing from 2 to 5 per cent, of nickel, whilst the latter 
class includes steels with from 25 to 30 per cent, nickel. 


* Messrs. Vickers, Ltd., Sheffield. 
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TABLE LXX. 

Properties of Case-Hardening Nickel Steels with 
Different Heat Treatments. 





Elastic 

Limit, 

Tensile 

Streiujth, 

Elonqation 
per Cent, 
on 

2 Inches. 

Seduction 

No. 

Size. 

Heat Treatrnevt. 

Tons per 

Tons per 

of A tea, 




Square 

Square 

per Cent. 




Inch. 

1 nch. 


1 


As softened for nia- 

28 

33 

33 

t)5 



chining. 




70 

2 

^-inch 

Case - liardencd. 

.30 

3(i*5 

32 


dmiiu'tor 

1 Quenclu'dinbodini!; 
water from 7S,5° (!. 

i 

1 




3 

,^-inch 

Case - hardened. 

1 

! ()7'() 

k; 

57 


diamotci' 

Quenched in cold 
water from 785° 

! 

1 



! 

4 


asc - h a r d e ncd. 

1 ()5‘h 

81-0 

15 

51 


dianietor 

Qiienelied in cold 
water from 785° C 

1 






Fio. 172. — Fkactukes of Case-Hakdened Nickel Steel Bars. 

Low Nickel Steels. 

Low content nickel steels are now widely used in modern 
engineering work for members subjected to alternating stress 
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and shock, sfor they combine strength and toughness with 
minimum weight. 

TABLE LXXr. 

EtTECT OP Carbon Content upon the Properties op 
3 1 PER Cent. Nickel Steep. 


PercenKvjp. of 
Carhoi}. 

Elastic 
Limits 
Tonn per 
Eqnare Inch. 

Ten.stlc, 
Strength, 
To)ifi per 
Sijunre Inch. 

Elongdtion 
per Cent. 

; I'iedurtion 
' A rea 

per Cent 

0-2 

21-1 

3S'() 

2() 

5 ') 

0-3 

2 OS 

42*;) 

22 

<1S 

()-4 

1 32-0 

434) 1 

IS 

40 

0-5 

37-1) 


13 

32 




Fig. 173. — Case-Hardened Nickel Steel Cear Wheels tested to 
Destruction. (Vickers.) 
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The type of low nickel steel widely used ii>» automobile 
work is the 3 to 3| per cent, nickel steel, containing about 
0-30 per cent, of carbon; it has a higher clastic limit than 
ordinary carbon steel, and a greater fatigue; resistance. 

A typical analysis, and the corresponding mechanical test 
results for this type of nickel steel is given in Table. LXVIIl. 

It will be seen that in the normalized state the tensile 
strength varies from 35 to 50 tons per square inch, with 24 per 
cent, elongation and 45 per cent, reduction in area. 

When oil hardened at about 840° C. and tempered at 550° 0., 
the tensile strength lies bt'tween 45 and 60 tons per square 
inch, with 22 y)cr cent, elongation, and 50 })er cent, reduction 
in area, so that increased tensile and com])ressive strengths 
are obtained without loss of ductility. The hardness after 
heat-treatment in tlu' above manner varies from 200 to 280, 
whereas in th(‘ normalized state it lies between 1 50 and 230. 

Tn the lieat-treated condition the Izod impact value is 
about 35 foot-pounds. 

The Engineering Standards Committee’s S[)eoirication for 
3 per cent, nickel steel is as follows : 


K.S.(" PEU Cent. Nictcee-Steel. 


Chemical Composition : 
(’arboii 
Silicon 
Manganese 
Sulphur 
Pho.sphoruH . . 
Nickel.. 


0-25 fco 0*.‘k5 per cent, 
not over 0*110 ,, 

0*:].^) to 0.75 
not over 0*04 ,, 

„ 0*04 „ 

2*75 to 3*50 


Check Test. — When normalized at 840° to 880” (\, this steel shall jiass 
in every particular the following check te.st. 

Tensile breaking strength . . 35 to 45 tons per square inch. 

Yield ratio . . . . . . not less than 55 per cent. 

Elongation . . . . . . ,, ,, 24 ,, 

Reduction of area .. .. „ „ 45 ,, 

The Brinell hardness number corresponding to the above should be 
approximately 140 to 202. 


The effect of different percentages of nickel upon the tensile 
strength of very low (0*09 per cent.) carbon steel is shown 
graphically in Fig. 174, in which diagram the lower curve 
represents the tensile strengths of slowly cooled specimens, 
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whilst the upper curve corresponds with the strengths of 
quenched specimens. The maximum strength of the quenched 
material is attained when the nickel present lies between about 
12 and 16 per cent., and for the annealed specimens, for a 
nickel content of from 15 to 20 per cent.; these proportions 
do not, however, correspond with the commercial require - 



0 2^ 6 6 /2 /6 fQ JO 22 29 26 

pcrcen/'o<^e of n/c^ef C<^ori>ono o9f) 


Fia. 174. 

ments of hardness, and ductility, etc. The effect of increas- 
ing the carbon content up to about 0*9 per cent, of carbon, 
is to raise the tensile strength, but to lower the ductility 
qualities after about 0*3 per cent, of carbon is exceeded. 
The hardness of a 0*7 per cent, nickel steel, of low carbon 
content (below 0*12 per cent.), even after slow cooling is 
practically the same as that of a hardened cutting tool and 
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this material can be case-hardened by carburizing, the surface 
and allowing to cool slowly, with the result that a very 
hard skin combined with an extremely tough core is 
obtained. 

Like most other high carbon and alloy steels the mechanical 
properties of low nickel steels can be widely varied by suit- 
able heat-treatment. The following results show how the 
mechanical strength is varied by suitable heat treatment 
for 3 per cent, and 5 per cent, nickel steels, suitable for crank- 
shafts, connecting-rods, axles, etc. : 


TABLE LXXIL 

rKOi’EUTlES OE NlCKEL StEELS.* 


Material, 


3 per 
cent, 
nickel 
steel 



5 per 
cent, 
nickel 
steel 


Ileal Treatment. 

Elastic 

Limit. 

Elongation 
Tensile ' per Cent. 
Strength.. on 

2 Inches. 

Reduction 
. of Area 
per Cent. 

Brinell 

Hardness. 

Annealed 

27 

39 

31 

64 

170 

Oil qucnclu'd at 
820° C., tem- 
])ercd at 

O, and again 
quenched in 
oil 

! 

! 47 

.W 22 

57 

262 

Annealed 

1 

28 ' 

43 

19 

42 

202 

Oil (pienched at 
820° C., tem- 
pered at OoO'^ 
C., and again 
quenched in 
oil . . 

47 

j 

! 

65 1 

20 

60 

302 


Compression Strength. 

In Table LXXIII. the resultsf show how the elastic limit 
in compression is influenced by nickel content in steels of 
low carbon value. 

It will be observed that the compression strain is greatest 
for small elastic strengths and least for the maximum strengths. 

* Samuel Osborne and Co., Ltd., Sheffield. 

-j- Sir K. Hadtield. 
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, TABLE LXXIII. 

Compression Strength of Nickel Steels. 


Percenldfje of 
Carbon. 

1 

Percentage of 
Nickel. 

Elastic Limit 
in Compression^ 
Tons per 
Square Inch. 

Compression 

Strain. 

{Shortening by 
\00-Ton Load 
per Cent.) 

0-13 

0-95 

20 

49 

0'14 

1-92 

27 

47 

U - l !) 

3-82 

28 

41 

0-18 

5-81 

40 

1 37 

0-17 

7*65 

40 

33 

0-16 

9-51 

70 

3 

0-18 

11-39 

100 

1 

0-23 

13-48 

1 80 

1 

0 - 1 !) 

19-(>4 

i 80 

3 

0-16 

24-51 

50 

1(5 

0-14 

29-07 

24 

41 


Other Properties of Nickel Steels. 

One valuable feature of nickel steels is the high ratio of the 
yield point to the tensile strength, which varies from 0-7 
to 0*8, whereas in carbon steels it is only from about 0-5 to 
0-6; the effect of this high yield ratio is that lower factors of 
safety (reckoned on the yield poilit) can be employed. 

Nickel steel containing from 3 per cent, to 5 per cent, 
of nickel can be forged, stamped, and drop-forged, and after- 
wards heat-treated to attain the desired strength. 

The electrical resistance of all nickel steels is high, and it 
does not appear to vary much with the percentage of nickel. 
Nickel steel wire containing from 25 to 30 per cent, of nickel 
has about 48 times the resistance of copper. The low nickel 
steels (3 to 5 per cent, nickel) have a greater magnetic per- 
meability than wrought iron. The shearing strength of 
low-nickel steels is about 0*7 of the tensile strength. 

The specific gravity of low nickel steels varies from 7-86 
to 7-9. 

High Nickel Steels. 

Nickel steel containing from 25 to 35 per cent, of nickel 
possesses non-corroding qualities rendering it suitable for 
parts subjected to rusting action, 
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When the carbon content is about 0*30 per 9 ent. and the 
nickel, from 24^ to 27^ per cent., the steel also possesses the 
non-magnetic property, which renders it useful for parts 
situated near magnetic compasses, and for similar purposes. 

The chemical composition of a typical non-magnetic and 
“ non-corrodible ” nickel steel is as follows: 

(Carbon . . . . . . . (V25 to 0*35 per cent. 

Manganese .. .. .. . ()*2,> to 0-4 ,, 

Sulphur . . . . , not over 0*04 ,, 

PhoHphorus . . ... „ 0'04 

The corresponding mechanical strength properties* are as 
follows : 


Niel^el . . . . . . 25 per cent. 

Yield point . .. .. ..15. 

Tensile strength .. .. .. .. 40. 

Percentage elongation . , . . . . 45. 

Percentage reduction of aiea . . . . 50, 


Quenching does not appear to alfect tlu^ strength very much, 
but the material bi^eomes hardened by rolling or hammi'ring.f 
This steel possesses a high elongation, and can therefore 
be bent cold to sharp angles without cracking. 


Physical Properties. 

High nickel steid has a remarkably low coidlicient of ex- 
pansion, and is there much used for measuring tapes and 
instruments; the well-known standards ” Invar steel 
belongs to this class. 

Invar steel contains about 0*18 per cent, of carbon, 35-b 
per cent, of nickel and 0-42 per cent, of manganese. 

It has a coefficient of expansion of 0*0()0000877 per degree 0. 
The mean value between temperatures of O'" and f'" C., (where 
t docs not exceed 200'^ (J.) is given by 


a=(0'877+0*001170xl0-" per ° C. 
Compared with ordinary steel, Invar steel has 

with brass — ?— of the expansion coefficient. 

17-2 


* In the quenched state. 

t See p. 402 for results of teSts upon 25 per cent, nickel -steel plates. 
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Alloys coptaining 47*5 per cent, of nickel have the same 
expansion coefficient as glass and platinum. 

The following are the values of the expansion coefficient per 
degree 0., for different nickel and carbon steels: 


Percentage of 
Nickel. 

20 

2S 

2S-7 

30- 4 

31- 4 
34-0 
'^trl 
37-3 
30-4 
44-4 
47*5 

Ordinary mild stind 
Ordinary hard stiM'l 


Coefficient of Expansion, 
per Degree C. 
0-00001312 
0-00001131 
0-00001041 
0-00000458 
0-000(K)340 
0-00000137 
0-00000087 
0-00000350 
0-00000537 
0-0000085() 
0-00000870 
0-00001078 
0-00001240 


The specific gravity of nickel steels containing from 20 
to 40 per cent, of nickel varies from 7-91 to 8-09; 44 per cent, 
nickel steel has a specific gravity * of 8-12. 

High nickel steel is employed for exposed members on sea- 
planes, and aircraft for exhaust valves, boiler tubes, etc., 
owing to its non-corrosive effe(*t. It is, however, being 
steadily sui)planted by the high chromium “ stainless ” 
steel, which possesses considerably better rust resisting and 
strength qualities. High nickel steel can bo brazed, but 
cannot be welded in the ordinary mannert by the oxy- 
acetylene method, although it may be, with great care, by the 
electrical methods. 


Nickel-Chrome Steels. 

These steels ‘somewhat resemble the low nickel steels in 
their properties and applications, but in general they are more 
expensive, more difficult to work, and they require greater 
care in forging, stamping, and heat treatment, but they give 
greater hardnesses and strengths when suitably selected and 
treated. Tensile strengths up to about 125 tons per square 
inch can be obtained, with about 10 per cent, elongation, and 

♦ Guillaume. t Chapter XI. for alloy steel welding processes. 
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Brinell hardnesses up to 600, in the case o^f air-hardened 
nickel-chrome steels. 

The compositions and properties of nickel-chrome steels are 
given in Tables LXVII., LXVIIT., and LXIX., and the effects 
of tempering these steels upon their mechanical properties are 
shown graphically in Figs. 168 and 170. 

The results of heat treatment upon the mechanical proper- 
ties of this steel arc more marked than in the case of low 
nickel steels, for the tensile strengths and hardnesses are 
capable of a wider variation by suitable treatment ; this point 
may be illustrated by reference to Table LXVI. 



Fia. 175 .— Nickel-Chrome Steel (Heat-Treated Condition), x 66. 


Fig. 175 shows the micro-structure of heat-treated nickel- 
chrome steel. 

Nickel-chrome steels arc usually supplied in three different 
grades, according to the carbon content, known as the mild, 
7 nedium, and hard nickel-chrome steels respectively ; the com- 
positions of these three types, together with their corresponding 
mechanical properties, are given in Table LXXXIX. The 
carbon contents of these steels, in the order named, arc from 
0-15 to 0-25, from 0-25 to 0-35, and from 0-30 to 0-40 
respectively. 

It will be seen that the respective tensile strengths when 
properly heat-treated are, on the average 55, 60, and 65, and the 
corresponding Brinell hardnesses, 250, 275, and 300. 


I. 


?4 
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Mild nickel-chrome steels are easier to manipulate, and can 
be case-hardened, with rather better results than in the case 
of low nickel case-hardening steels. 

These case-hardening nickel-chrome steels are especially 
suitable for gears, change- wheels, chain-wheels, cam-shafts, 
stampings, etc., and possess -a very tough fatigue-resisting 
core, with a glass hard skin. 

The following results were obtained with a nickel chrome 
case-hardening steel: 


TABLE LXXIV. 

Nickel-Chrome Case-Hardenino Steel. 


Condition, 

Ela.Uic 
Jjimit, 
Tons per 
S(pmre 
hwh. 

Tensile 
Strength, 
Tons per 
Square 
Inch. 

Elongation 

on 

2 Inches 
per Cent. 

Seduction 
of . 1 rea 
per Cent. 

1 

1 

1 Bnnell 
Hardness. 

Annealed 

3S 

42 

28 

70 

19(5 

Core, after casc-liarden- 
ing at 050^ C. 

79 

S9 

1 

14 1 

40 

418 


The medium grade of ste(d is us(;d for the same purposes 
as 3 to 5 per cent, nickel steels; it possesses a high elastic 
limit (from 40 to 45 tons per scpiare inch), grc^at toughness and 
hardness (Brinell hardness from 250 to 320), good machining 
qualities, and it can be forged and stamped. 

This grade of steel is specially suitable for crank-shafts, 
connecting-rods, shafts, axles, highly stressed aircraft clips 
and fittings, etc. 

The Engineering Standards Committee’s Specifications for 
nickel- chrome steels are as follows : 


(A) E.S.U. IJ PER Cent. Nickel-Chrome Steel. 


Chemical Compositiofi : 
Carbon 
Silicon 
Manganese* 
Sulphur 
Phosphorus . . 
Nickel 
Chromium 


025 to 0’35 per cent. 
. not over OvlO ,, 

. 0*35 to 0*60 ,, 

not over 0*04 ,, 

0-04 „ 

. 1-25 to 1-75 

. 0-76 to 1-25 „ 
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Check Test. — When oil-hardened from 850^^ C. and tempered at 600° 0. , 
this steel shall pass in every particular the following check test; 

Tensile breaking strength . . not less than 45 tons per square inch. 
Yield ratio . . . . . . „ ,,70 per cent. 

Elongation . . . . . . ,, ,, 15 ,, 

Reduction of area . . . . ,, ,, 50 ,, 

The Brincll hardness number corresponding to the above should be 
approximately 171). 


(B) E.S.C. 3 PER Cent. Nickel-Chrome Steel. 


Chemical Composition : 
Carbon 
Silicon 
Manganese 
Sulphur 
Phosphorus . . 
Nickel 
Chromiun 


0*20 to 0*30 per cent, 
not over 0-30 ,, 

0*35 to 0-60 
not over 0*04 ,, 

„ 0-04 „ 

2*75 to 3-50 
0-45 to 0-75 


Check Te^t.—Whon oil-hardened from 820° C. and tempered at 600° C., 
this steel shall pass in every particular the following check tost 


Tensile breaking strength . . not less than 45 tons per square inch. 

Yield ratio „ 75 per cent. 

Elongation . . . . . . ,, 15 ,, 

Reduction of area . . . . „ „ 50 „ 


The Brincll hardness number corresponding to the above should bo 
approximately 170. 

Nickel-chromc steel is supplied commercially in billets, bars, 
forgings, stampings, sheets, tubes, etiL 


Air-Hardening Nickel-Chrome Steels. 

Refereneo has already been made* to this class of steel, which 
is quite distinct from the other high -tensile steels in that it 
can bo hardened by simply heating up to about 800'^ to 850° 0. 
and allowed to cool in the air, whereas other steels require 
quenching. Typical micro-photographs of this steel are shown 
in Figs. 135 and 145 for the tempered and annealed conditions. 

This type of steel possess higher nickel and chromium 
contents and, as a rule, medium or low carbon content. f 

The tensile strengths and hardnesses of such steels represent 
about the maximum that can be obtained with any steels; the 
average tensile strength varies from 100 to 125 tons per square 

* See p. 281. 

f A typical composition is given in Table LXVIII. 



372 AIRCRAFT AND AUTOMOBILE MATERIALS 


inch, with a yield ratio of about 80 per cent., and elongation of 
from 8 to 12 per cent. The reduction of area is about 20 per 
cent, and Brinell hardness 450 to 600. 

The Engineering Standards Committee’s Specification for 
air-hardening nickel-chrome steel is as follows : 

E.S.C. Air-Haiidenino Nickel-Chrome Steel. 

Chemical Composition : 

Carbon 0-28 to 0-.36 per cent. 

Silicon . . . . , . , . not over 0*30 ,, 

Manganese 0*35 to 0*60 ,, 

Sulphur . . . . . . . . not over 0*04 ,, 

Phosphorus . . . . . . . . „ 0*04 ,, 

Nickel 3*50 to 4*50 

Chromium . . . . . . . . 1*25 to 1*75 ,, 

Check Test. — A test bar of this steel, when air- hardened from 820° C. 
shall pass in every particular the following test 

Tensile breaking strength not less than 100 tons per square inch. 
Yield ratio .. .. ,, ,, 75 per cent. 

Elongation . . . . . • „ ,, 5 „ 

Reduction of area . . . . ,, 13 

The Brinell hardness number shall be approximately 418. 

The tensfie test piece before being air-hardened shall have 
its parallel portion machined to within 0*02 inch of the finished 
diameter of the test piece, and this portion shall, after the test 
piece has been hardened, be reduced to the required diameter 
by grinding. 

The effect of reheating, or tempering upon the mechanical 
properties of an air-hardening nickel-chrome steel is shown 
graphically in Fig. 170. 

It is usual to finish-machine parts made in this steel, such as 
gear-wheels, crank-shafts, connecting-rods, turn buckles, axles, 
shafts, etc., in the softened condition, with or without making 
a grinding allowance, and to then air-harden the parts, finish - 
ing by grinding where arranged. 

It has been found that the degree of air-hardness is depend- 
ent upon the rate of cooling and size of the article, although 
the ordinary cooling-rate when articles are heated to 20° or 
30° above the critical point (i.e., about 850°) and allowed to 
stand in air, is sufficient to attain a tensile strength of at least 
100 tons.per square inch. 
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Chrome-Vanadium Steel. • 

This steel, which is widely used iu automobile construction, 
resembles the low nickel, and nickel-chrome steels in its 
mechanical properties, but it is easier to stamp and to machine 
than nickel-chrome steels, and can be used in place of these for 
such parts as connecting-rods and bolts, selector shafts, brake 
rods, live and back axles, propeller and lay shafts, crank- 
shafts, etc. 

It can be obtained in very sound condition and in the heat- 
treat(Kl state gives tensile strengths varying from 60 to 80 tons 
per square inch, with from 15 to 10 per cent, elongation on 
2 inches and from 45 to 40 per cent, reduction of area. The 
Brinell hardness varies from 270 to 350 in the hardened state. 

The composition of a typical chrome-vanadium steel* is as 
follows : 


Carbon 

Manganese 

Sulphur 

Phosphorus 

('hronuum 

Vanadium 


0*35 to 040 per cent. 
0-00 to O-HO 
0*04 (max.) ,, 
0*04 „ 

(M)0tol40 
0-l« to 0*20 


Table LXXV. gives some typical test results for this steel. 


Chromium and Vanadium Steels. 

When either chromium or vanadium is added to mild or 
medium carbon steel, in small quantities (from 0-1 to LO 
chromium or from O-l to 0-25 vanadium), the tensile strength, 
hardness, and im2)act values are appreciably increased. 

Table LXXVl.j shows the effect upon crucible steels 
of small quantities of chromium and vanadium separately, 
and also when combined. 


Mild Vanadium Steel, 

The addition of small quantities of vanadium (from 0*10 
to 0*25 per cent.) to low carbon steel has the effect of increas- 
ing the ductility and shock-resisting qualities, without, how- 

* Also SCO Tables LX VII. and LXVIII. 

I Sankey and Kent Smith, Proc. Inst, of Mech. Engrs., 1904. 
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‘ TABLE LXXV. 

Mechanical Test Results for Chrome-Vanadium 
Steels. 


CoitdihoH. 

Yi(M 1 Tensile 
Point, l^lrenyth. 
Tons per ilous pet 
l^quare ! Square 
Inch, j Inch. 

hJlonqaiion 
per Cent, 
on 

2 Inches. 

Reduction 
of Area 
per Cent. 

Brin ell 
Hardness. 
No. 

(a) Annealed . . 

34 

41 

26 

70 

102 

Oil-quenehed at {100“ 
C., tlien tempered to 
600° C. 

54 

00 

22 

50 

277 

(6) Oil - quenched at 
850° C., then tem- 
pered at 650° C. 

Y idd 55 to 65 
Ratio. 

75 per , 
cent. 

18 

50 ^ 


(c) As rolled . . 

40 to 50 50 to 60 

25 to 20 

65 to 55 

250 to 261) 

Oil-quenehed at 850° 
C., reheated to 500° 
C., and allowed to 
cool in air. 

65 to 75 : 70 to 80 

15 to 11 

45 to 40 

310 to 330 


(a) Samuol Osborne and Co. (h) Messrs. Firth and Sons, (c) Messrs. 
Edgar Allen and Co, 


TABLE LXXVI. 

Effect of Chromium and Vanadium upon the Strengih 
OF Crucible Steel. 


Chromium 
* per Cent. 

Vanadium 
per Cent. 

Elastic 
Limit, 
Tons per 
Square Inch. 

Tensile ; 
Strengih, 
Tons per j 
Square Inch.\ 

Elongation 
in 2 Inches 
per Cent. 

Reduction 
of A rea 
per Cent. 

0-5 

__ 

22-9 

34-0 

33 

60-6 

1-0 

— 

25-0 

38-2 

30 

37'3 

, . — 

0-10 

28-5 

34-8 

31 

60-0 


0-15 

30-4 

30-5 

26 

59-0 

— 

0-25 

34-1 

39-3 

24 

59-0 

1-0 ; 

0-15 

36-2 

48-6 

! 24 

56-6 

1-0 ! 

0-15 

34-4 

52-6 ia) 

25 

55-5 

1-0 

0-25 

49-4 

60-4 

18-5 

46-3 

Ordinary car 
st 

bon crucible 
eel. 

16-0 

27-0 

35 

60-0 

(a)Ordinary 

carbon 

open hearth 
steel. 

17-7 

32-2 (a) 

34 

52*6 


(a) Open hearth steels. 
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ever, impairing its strength. The results given in Table 
LXXVII. show the strength properties of mild and cast 
vanadium-carbon steels, and also, for comparison purposes, 
those of mild steel, rolled, cast, and forged, and cast chrome- 
vanadium steel; all of these steels arc in the annealed con- 
ditions. The values given in the “fatigue strength” column 
refer to tests made upon an alternating impact machine, being 
the number of alternations required to fracture the speci- 
mens ; the values are therefore indicative of the relative 
fatigue strengths. 

Nickel-Vanadium Steels. 

It is possible to employ vanadium as an alternative to 
chromium in nickel steels, with beneficial results. The vana- 
dium should not exceed 1-0 per cent., and should preferably be 
present in from OTO to 0-70 per cent. 

The properties of these steels have been investigated by 
M. Leoh Guiliet,* and the following are some typical results 
obtained by him : 


TABLE LXXVII I. 

Properties of Nickel- V^anadium Steels. 


Material. 

Percentage Coni position. 

Elastic 

Limit, 

Tons 

per 

Sq. In. 

Tensile 
St r eng thy 
Tons per 
Square 
Inch. 

Elonga- 

tion 

per Cent. 

Condition. 

Carbon. 

Nickel. 

Vana- 
dium . 



0-20 

2-0 

0-7 

31-25 

40-62 

23-5 

Untempored 



0-20 

2-0 

1-0 

40-G2 

53-35 

22-0 

,, 



0-20 

12-0 

0-7 

76-79 

89-30 

6-0 

— 

Nickel- 


0-20 

12-0 

1-0 

78-57 

98-22 

6-0 

— 

vana- 


0-20 

2-0 

0-7 

62-98 

95-01 

Very 

Tempered 

dium 







small. 

from 850° 

steels. 








C., and 









quenched 









in water at 



i 

i 






20° C. 


Note. — When the low nickel content (2-0 per cent.) were heated to 
850° C. and quenched in water at 20° C., the tensile strength and elastic 
limit were “ both nearly doubled in value, the elongation being greatly 
reduced however. 


♦ Engineering Magazine^ April, 1906, 
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Copper Steels. ^ 

Steels containing from 0*5 to 4*0 per cent.- of copper some- 
what resemble the nickel steels in their strength properties.* 

The iiresence of copper refines the structure of carbon steel, 
and the strength increases with the copper content, and with 
a reduction of the carbon content (from 1-0 to about 0*2 per 
cent.). 

When more than about 4 per cent, of copper is present the 
metal cannot be forged or rolled satisfactorily. 

Steels containing 0*1 G per cent, carbon and 4 per cent, copper 
are equal to nickel steels in tensile strength and ductility, 
and in the hardened state copper steels of this class possess a 
fair degree of elasticity and elongation, '^bhe electrical con- 
ductivity of these steels is better than that of nickel steels, 
being a maximum for steels containing 0T5 carbon and 2-0 
copper, 0*35 carbon and 1*7 copper, and 0-7 to 1-0 carbon 
and 0-5 copper, respectively. 

Annealing whilst leaving the steels with the same strength 
characteristics greatly reduces the differences observed in the 
case of untreated steels. Quenching restores the differences 
found in copper steels in the cast state. 

Stainless Steel. 

When a high percentage of chromium is present in a steel 
of medium or low carbon content, a high tensile steel is ob- 
tained which is almost entirely non-corrodible. 

The chromium content should be between the limits 11 to 
15 per cent. This “ stainless ” steel is an air-hardening one, 
although it responds to oil-hardening treatment, and it there- 
fore requires handling with care in manufacturing articles. 
This steel possesses the property of being able to successfully 
resist the ordinary corrosive action of the weather, organic 
acids, sea-water, and oxidising influences. I 

* An account of the experiments made upon copper steels by Pierre 
Breuil is given in the Journal of the Iron and Steel Institute, 1S07. 

t A polished cylinder of this steel, given to the author by Messrs. Firth 
ind Sons, was found to retain its polish without rusting when left out in 
jie open for several months, and after three years, or more, is still quite 
)right and untarnished. 
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Fio. 17 < 3 . — Hardened Stainless Steel. Etched, x 500 . 





Fig. 177 .— Tempered vStainless Steel. Etched, x 500 . 


Figs. 176 and 177 show the micro-structure of this stool in the 
hardened and tempered states respectively. “ Stainless ” steel 
can be obtained in tensile’strengths (when heat-treated) up to 
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90 tons per square inch with 8 per cent, elongation and 18 per 
cent, reduction of area, and with a corresponding Brinell 
hardness of 390. 

Stainless steel would therefore appear to possess excellent 
qualities for aeroplane work, streamlined wires, clips, fittings, 
petrol engine valves, seaplane fittings, cutlery, etc. Its 
advantage over 25 per cent, nickel steel lies in the fact of its 
greater strength and hardness, and better non-corrosive 
properties ; moreover, it is more suitable for inlet and exhaust 
valves, as it does not stretch so much under a given stress. 
Stainless steel is now much used for “ rustproof ” cutlery, as 
it retains its polish when used for domestic purposes, such as 
when subjected to the action of the juices of fruits, vegetables, 
vinegar, soda-water, etc. 

The following is the composition of this steel :* 


Carbon 

Silicon 

Manganese 

Sulphur 

Phosphorus 

Chromium 


0*30 to 0*50 per cent. 
0*30 (max.) ., 

0-2() to 0-50 „ 

O04 (max.) ,, 

0-04 „ 

ll-0tol4*0 „ 


When this steel is oil-hardened at 900'^ (I, and tempered at 
600° 0., it has the following juechanical properties: 

Yield point . . . . . . 38 to 45 tons per square inch. 

Tensile strength . . . . 50 to 60 ,, ,, 

Elongation on 2 inches - . . 18 per cent. 

Reduction of area . . . . 45 „ 

Izod impact value . . '. . 40 foot-pounds. 

This steel responds well to heat treatment, and its properties 
may be varied over a wide range by suitably performing 
these operations. Table LXXlX.,f on p. 381, shows some of 
the results obtained by heat-treating stainless steel in the 
manner indicated. 

* Messrs. Firth and Sons. (This steel was first discovered in the Brown- 
Firth Research Laboratory, Sheffield.) 

t Dr. Hatfield. 
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Spring Steels.*^ 

There is a number of carbon and alloy steels used for springs 
of various kinds ; thQse may be summarized as follows : 

(а) High carbon steel. 

(б) High silicon steel. 

(c) Silico-chrome steel. 

(d) Silico-manganese steel. 

(e) Chrome- vanadium steel. 

The best materials* for springs are those which can store 
up the greatest amount of work, or energy, in a given weight 
or volume of spring material, without permanent deformation. 

Steel for springs should have as high clastic limit as possible, 
and a corresponding high deformation or deflection value; 
further, it is essential for aircraft and automobile purposes 
that the spring steel should be of maximum strength against 
fatigue effects and shocks. 

Carbon Steels. 

Carbon spring steels possess the advantage that they arc com- 
paratively cheap to make and easy to manipulate ; moreover, 
they give satisfactory results for parts of minor importance. 

The following is a standard specification for spring steel: 

Carbon . . . . . . . . 0*90 to 1*10 per cent. 

Manganoso . . . . . . . . 025 to 0’5() ,, 

Silicon 0*15 to 0*25 ,, 

Sulphur . . . . . . . . not over 0*04 ,, 

Phosphorus . . . . . . . . ,, 0*04 ,, 

Copper . . . . . . ' . . 0'03 to 0*05 ,, 

The tensile strength of such steel, when heat-treated varies 
from 40 to 50 tons per square inch with from 16 to 20 per cent, 
elongation. 

High Silicon Steel. 

This type of steel really includes the silico-manganese steels, 
and may, perhaps, be grouped with them. 

Silicon steel is now more or less standardized for automobile 
leaf springs; a typical composition is as follows: 

* Sco pp. 14, 15, and 16, 
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TABLE LXXIX. 

Effect of Heat Treatment upon the Properties of 
Stainless Steel. 

(Size of material, IJ, inch diameter by 7 J inches long.) 


Nature of Heat- 
Treatment. 

Yield 

Point, 

Tons 

per 

Square 

Inch. 

Tensile 

Strength, 

Tons 

per 

Square 

Inch. 

Elonga- 

tion 

per Cent. 

Reduc- 
tion of 
Area 
per Cent. 

Brinell 

No. 

Mean 

Izod 

Impact 

Foot- 

Pounds, 

Air-hardened at 875° C. 
and tempered at 
500° C. 

70-0 

85*9 

13-0 

40-5 

380 


Air-hardened at 875° C. 
and tempered at 
000° C. 

44-5 

53-0 

21-0 

59-2 

241 

69 

Air-hardcfied at 875° C. 
and tempered at 
700° C. 

31-0 

45-2 

20-0 

04*0 

202 

80 

Air- hardened at 875° C. 
and tempered at 
800° C. 

31-6 

43-3 

27-0 

04-7 

209 

33 

Od-hardened at 875° C. 
and tempered at 
500° C. 

72-0 

90-5 

8-0 

18-2 

387 


Oil- hardened at 875° C. 
and tempered at' 
000° 0. 1 

39-4 

52-0 

20-0 

50-9 

241 

72 

Oil-hardened at 875° C. 
and temj)ered at 
700° C. 

34-8 ? 

47-1 

25'5 

03-8 

219 

80 

Oil- hardened at 875° C. 
and tempered at 
800° C. 

59-1 

71-0 

4-0 

11-7 

275 

22 

Water - hardened at 
875° C. and tem- 
pered at 500° C. 

70-9 

90-2 

12-0 

34-2 

387 

— 

Water - hardened at 
875° C. and tem- 
pered at 000° C. 

40-3 

53-9 

22-0 

59-8 

248 

82 

Water - hardened at 
875° C. and tem- 
pered at 700° C. 

29-5 

45-8 

25*8 

04-7 

217 

86 

Water - hardened at 
875° C. and tem- 
pered at 800° C. 

30-6? 

48-0 

18-0 

59*2 

196 

86 




— Tempering in all cases was carried out for 1 hour at the tempera- 
tures stated. 
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Carbon f . . . . . . . . . . 0*50 per cent. 

Manganese . . . . . . . . . . 0-65 ,, 

Silicon . . . . . . . . . . 1*75 ,, 

Phosphorus . . . . . . . . . . not over 0-04 per cent. 

Sulphur . . . . . . . . . . „ 0*04 ,, 

This steel is widely used for large laminated or leaf springs 
volutes and spiral springs for locomotive automobile and air- 
craft work. The heat treatment of this steel requires careful 
attention, for different shapes and sizes of springs required 
different quenching media, and temperatures of hardening and 
tempering. 

The tensile strength of the above steel in the annealed state 
varies from 30 to 40 tons per square inch with from 20 to 
25 per cent, elongation. In the heat-treated state the tensile 
strength varies from 50 to 90 tons per square inch, according 
to the mode of heat treatment, with from 15 to 5 per cent, 
elongation. 

The following test results refer to a special silico-manganese 
steel,* heat-treated according to the maker’s instructions: 

Elastic limit . . . . . . 85 to 95 tons per square inch. 

Tensile strength . . . . 95 to 105 „ ,, 

Elongatioa.on 2 inches . . 12 to 8 per cent. 

Contraction of area . . . . 30 to 25 „ 

This steel is particularly suitable for all kinds of automobile 
leaf springs, 

Silico-Chtome Steels. 

Automobile siJrings are often made of a steel of medium 
carbon content containing about 1 per cent, of silicon and 0*7 
per cent, of chromium. 

The following is a typical composition:! 

Carbon . . . . . . . . 0*55 to 0-60 per cent. 

Silicon . . . . . . . . 0*96 to 1*15 ,, 

' Sulphur . . . . . . . . 0*025 to 0*04 ,, 

Manganese . . . . . . . . 0*30 to 0*35 ,, 

Phosphorus . . . . . . . . 0*01 to 0*02 ,, 

Chromium . . . . . . . . 0*05 to 0*80 ,, 

Leaf springs made in this material, properly hardened and 
tempered, are usually tested in compression to about one-third 
of the deflection necessary to flatten the top or longest leaf. 

* Sir Joseph Jonas, Colver and Co., Sheffield. 

f “ Materials used for Motor Bus Construction,” Eii^ineering, January 15, 
1913. 



ALLOY OR SPECIAL STEELS 


383 


The test is repeated upon the individual leaf members, and 
finally upon the assembled spring, which is carefully measured 
before and after loading for permanent set. The spring test- 
ing machines mentioned in Cliapter HI. are very suitable for 
the above tests. 

The following particulars refer to a silico-ehrome spring 
steel known as Vicker’s B.O.T. steel.* It has a lower silicon, 
but a higher manganese, content than the previously 
mentioned steel. 

Cheinicdl Coittj>osition, hy Aimhj.'iis : 

Carbon, , . . . . . . . 0*55 to 0*0.5 |hm’ cent. 

Silicon . , . . . . 0*20 to 0*50 

Manganese . . . . . . . . 0*.50 to 0*80 ,, 

Sul])hnr . . . . . . . 0*04 (max.) ,, 

Phosphonis . . . , . . . . 0*04 (max.) 

Chromium . . . . . . . . 0*45 to 0*70 

This ste(‘l can be heat-treated in many ways, depending 
upon the purpexse for which it is required; its tensile strength 
can be varied from 55 to 100 tons per square inch, with mini- 
mum percentage (‘longations of 15 and 7 ])er cent, respectively. 

When normalized at 820'^ 0., this steel |)os.s(‘sses the follow- 
ing mechanical properties. 

Yield ])()int ,. .. .. .. (min.) 20 tons per scpiaro inch 

Tc'iisile stK'iigth .. .. .5,5 to 0.5 ,, ,, 

elongation on 2 inelies (x0’r)04-in. 

dianudm’) ,. . .. (mm) 1.5 pin* cent. 

Brinell hardnes.s number . , . 22.5 to 277 

When oil hardened at 820° C., and tempered at from 550° (^. 
to 000° the following results were obtained : 

Yield point .. .. .. (mm.) 40 tons per square inch, 

'reiisdc strength . . . . .00 to 70 ,, ,, ,, 

Elongation on 2 inches (x0*.504-m. 

diameter) .. .. .. .. (min.) 1,5 per cent, 

lied notion of area . , . . . . (mm.) 40 

Brinell (approximately) . . . . 255 to 241 

Test results from this steel treated as ^Spring Plates not ex- 
ceeding ^ inch thick, oil-hardened at 820° C., and tmiiperi'd 
at from 450° C. to 500° C., were as follows : 

Yield point .. .. .. .. (min.) 75 tons per square inch. 

Tensile strength . . . .90 to 100 ,, ,, ,, 

Elongation on 2 inches . . . (min.) 7 per cent. 

Brinell (approximately) . . . . 418 to 477 

* Manufactured by Messrs. Vickers, Ltd., Shellicld. 
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This steeL is also very suitable for gear-wheels, special 
machine gun barrels, dies, and drop-stamps. 

When used for gears, the gear blanks are first heat-treated 
so as to give the highest tensile strength compatible with 
sufficient ease in machining the teeth surfaces, and these, 
after machining, are locally hardened by a special process. * 

Chrome- Vanadium Spring Steel. 

This steel is widely used in automobile work, and is a serious 
competitor to the silico-manganese steels; it is understood to 
yield rather better and more uniform results after suitable heat - 
treatment than the latter steel. 

A typical composition is as follows : 

Carbon . . . . . . . , 0*50 per cent. 

Manganese 0-65 

Chromium . . . . . . . 0’90 

Vanadium . . . . , . . . Q.ig 

Sulphur . . , . , . . , not over 0*04 per cent. 

Phosphorus . . . , . . . . ().04 

In the annealed state, the tensile strength is from 30 to 40 
tons per square inch, with a yield ratio of from 0*75 to 0-80, 
and an elongation of from 15 to 20 per cent. 

When correctly heat-treated, the tensile strength may be 
varied from 80 to 125 tons per square inch, with a correspond- 
ing elongation of from 12 to 4 per cent., respectively. 

In the case of inost spring steels, the heat-treatment is 
specified by the steel manufacturers and should be carefully 
followed. 

Manganese Steel. 

Practically all carbon and alloy steels contain small quanti- 
ties of manganese, as will be seen from the chemical analyses 
shown in Table LXVIII. ; it is advantageous and essential to 
retain small amounts of manganese, for it prevents the forma- 
tion of iron oxide during melting, heating, and forging opera- 
tions, and neutralizes the sulphur present, besides improving 
the strength qualities. It is usually reckoned that each 0*01. 

* See Chapter VIII. for particulars of Vickers’ Hardening Process. 
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per cent, of manganese increases the tensile streAgth of carbon 
steel by from 100 to 400 pounds per square inch, depending 
upon whether the steel is acid or basic. When the manganese 
is present in quantities varying from 12 to 15 per cent., the 
steel is non-magnetic* and tough. If quenched from 950° C. 
the non-magnetic and exceedingly tough qualities are com- 
bined. 

Treated in the usual manner for ordinary commercial use, 
by being heated to about 1000° C., and quenched in water, the 
material is very tough and strong, and it is practically non- 
magnetic. Heated at about 520° 0. for 600 hours it acquires 
an amount of magnetism equal to about 60 per cent, of that of 
pure iron, and at lower temperatures it also becomes magnetic, 
though the change is much slower. Experiments have been tried 
on the destruction of the magnetic quality induced by heat 
treatment at 520°. The material having been heated for a 
certain time was quenched in water and then again heated, 
when it was found that a temperature of 550° or less did ndt 
diminish the magnetism, which, however, is rapidly diminished 
at a temperature exceeding 640°, and is almost completely de- 
stroyed by a few minutes’ heating at 750°. It was anticipated 
that this comparatively sudden change would be accompanied 
by a piTceptible absorption of heat, and the heating curves 
clearly show such an absorption, confirming the existence in the 
material of a change point at about 700°. 

While manganese steel after ordinary cooling in air follow- 
ing casting or forging is comparatively brittle, hard, and 
non-magnetic, after water-toughening by quenching from 
1000° it becomes exceedingly ductile, though remaining non- 
magnetic. But any treatment of the water- toughened material 
which has the effect of making it magnetic, even to a small 
extent, also renders it hard and brittle, and pieces having 
1 per cent, of the magnetism of pure iron, or even less, have so 
far lost their toughness as to be unfit for practical use. As the 
magnetism increases the hardness usually increases also, but 
the addition to the hardness is small as compared with that 

* The metallography of high manganese steel is considered in Chapter IV. 
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accompanying the first traces of magnetism. The change from 
the ductile to the brittle form is accompanied by well-marked 
changes in the microstructure. 

As distinct from most other steels, the effect of tempering 
this steel is to make it progressively harder and magnetic; the 
original tough and non-magnetic condition, may, however, be 
restored by a further heating to from 000° 0. to 050° 0. and 
quenching. 

The composition of a typical non-magnetic manganese steel 
is as follows : 


Carbon 

Silicon 

Manganese 

Phosphorus 

Sulphur 


1*0 to 1-3 per cent. 
0-3 to 0-4 
12 to 15 
0-3 per cent. 

0-03 „ 


The strength of sheet manganese steel of this composition is 
as follows : 

Yield point .. .. .. 10‘0 tons per square inch. 

Tensile .strength . . , . 35*0 ,, ,, „ 

Elongation . . . . . . 20 per cent. 

Reduction of area . . . 50 ,, 

Sheet manganese can be bent over double without cracking. 
Manganese steel cannot be machined, but may be punched or 
sheared ; it is usual to forge this steel first, water toughen, and 
then to finish it by grinding processes. 

Manganese steel has been used in aeroplane construction for 
sheet metal pressings, clips, lugs, etc., but it cannot be welded. 

Manganese Steel Castings. — Castings may be made from this 
high manganese steel, which are sound, but brittle. 

The casting may be considerably improved by heating it 
almost to whiteness and then quenching in water ; the effect is 
‘ to increase both the strength and the ductility. 

The contraction of the castings is rather marked, being about 
I inch per foot. 

Samples taken from typical castings gave the following 
results : 


Elastic limit . . . . , . 20 to 22 tons per square inch. 

Tensile strength . . .. 38 to 42 ,, ,, ,, 

Elongation on 2 inches . . 10 per cent. 
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Manganese steel castings are employed for tHe jaws of stone 
crushing mills, large motor sprockets and brackets. 

Tungsten Steel. 

When about 5 to 6 per cent, of tungsten is present in steel 
containing from 0*60 to 0-80 per cent, carbon, the resulting 
steel is particularly suitable for the permanent magnets of 
electrical machines, such as magnetos, measuring instruments, 
etc. 

The following is a typical composition : 


Carbon 



. . 0*6 to 08 per cent. 

Silicon 



.. 0*30 (max.) ,, 

Manganese 



. . 0-2 to 0-4 

Sulphur 
Phosphorus . . 
Tungsten 



.. 0-04 (max.) ,, 

.. 0*04 (max.) ,, 

. . 5-0 to 0-0 


The tensile strength properties of hardened tungsten steel 
are of little importance in view of its application. 

The hardness value of an existing well-known tungsten steel 
magneto magnet* was found to be 652. 

The magnetic properties of this steel are very good, for 
it has a high coercive force, auddiigh permanence or remanent 
magnetism value. 

The Coercive force of a suitably hardened 5 per cent, tung 
sten steel magnet varies from 55 to 65 O.G.8. units. 

The Remanent Flux Density is about 10,000 C.G.8. units. 


Tool Steels. 


Tungsten also enters into the composition of modern high- 
speed tool steels, and the well-known mushet, or self-harden- 

ing steel is one of this class. 

The following is the composition 
mushet tool steel : 

of a self-hardening or 

Carbon 

1*60 to 2*(X) per cent. 

Tungsten 

4-0 to 6-0 

Chromium 

0-25 to 0-30 

Manganese 

0-30 to 0-50 

Sulphur ‘ . 

0-02 to 0-04 

Phosphorus . . 

0*02 to 0-04 


* Dr. Hatfield. 



388 AIRCRAFT AND AUTOMOBILE MATERIALS 


This steel \Vhen heated to redness and allowed to cool has 
a glass-hardness; it can only bo worked in the red-hot stage. 
It may, however, be ground when cold. 

In the case of some high-speed steels, such as the one given 
below, an air-blast, oil or water medium, is often employed to 
obtain increased hardness, for cutting purposes. Molyb- 
denum, chromium, and vanadium often enter into the com- 
position of high-speed steels. The following is the coiuposition 
of a modern high-speed steel: 

Carbon . . . . . . . . 0*00 to 0*80 per cent. 

Tungsten . , . . . . . - 8*0 to lb-0 „ 

Cliroinium . . . . . . . . 3*0 to 3-0 ,, 

Manganese .. .. .. .. 0* 13 to 0*25 ,, 

Silicon . . . . . . . 0-05 to 0-25 ., 

Sulphur 0-01 to 0-03 

Phospliorus . . . . . . . . 0-01 to 0*03 ,, 

It will be noticed that the carbon content is lower than in 
the case of mushet steel, but that the tungsten and chromium 
contents are much higher. 

The effect of adding small quantities of vanadium (from 
0*10 to 0*30 per cent.) to high-speed steel, containing high 
tungsten and chromiuni contents is to raise the critical point 
so that the tool can withstand a higher temperature without 
losing its hardness, that is to say, it can work at a higher 
cutting speed. 

Vanadium high-speed steel is harder and more durable than 
ordinary high-speed and tool steels. 


Cobaltchrom Steel.* 

This is an air-hardening high-speed steel, which docs not, 
however, contain any tungsten in its composition. It is 
suitable for milling cutters, twist drills, reamers, taps, lathe, 
and other machine tools, and it is claimed that it gives at 
least the same endurance as in the case of tungsten steel, 
together with a better finish. 

It is supplied in bars of all commercial sections, and in sheets 
from inch in thickness, upwards. 

Cobaltchrom steel is recommended for petrol engine valves, 

* Messrs. Darwin and Miller, Sheffield. 
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high endurance drawing and blanking dies, ' shear blades, 
press tools, and hack-saw blades. 

This steel is usually air-hardened from 1000° C., but before 
drawing the tool or part from the muffle furnace the tempera- 
ture is allowed to fall slightly, after which the tool or part is 
allowed to cool in still air until it becomes “ black-red,” 
when it is quenched in whale oil. For extreme hardness it 
is quenched out in tepid water. For shock tools and similar 
objects, air cooling from 1000° C. down to the ordinary tem- 
perature of the air, without quenching, is recommended. 

Ball-Bearing Steels. 

In the past, a number of different steels have been em- 
ployed for ball and roller bearings, including case-hardening 
carbon and alloy steels, carbon and alloy steels. 

The steels chiefly used at the present time are chromium 
and chrome- tungsten steels. 

The following analyses refer to the two best steels obtained 
— results of a large number of tests* upon ball-bearings made 
from over four hundred different steels: 



A. 

B. 

Carbon . . 

1-12 percent. 

0-0.5 per cent. 

Silicon 

0-01.5 

O-OU „ 

Phosplioru.s 

0-017 „ 

O-OIH ,, 

MangaiK'se 

0-10 

0-02.5 „ 

Sulphur . . 

O-OlO „ 

0-019 „ 

Chromium 

0-2.5 

1-25 

Tungsten 

— 

0-2.5 

The best ball-bearings 

are only made 

from alloy steels 

such as the above, the material, after heat treat tmmt being 
extremely hard, tough, and of fine texture. 


Ball-bearings for light loads and inexpensive parts are 
often made of a case-hardening carbon or nickel-steel of good 
quality; where carbon steel is employed it should be of the 
purest grade — such as that made from electrolytic or Swedish 
iron. 

The data given in Table LXXXIII. refers to the crushing 
strength of tool steel balls. 

* Machinery. 
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Name of Part. 

Cast iron cylinder head 

Cast iron piston 

Cast iron gudgeon pin floating 
bush 

Steel cylinder barrel 

Steel cylinder water jacket 

C.H. steel gudgeon pin. , 
Nickel-chrome connecting rod . . 
Nickel-chrome connecting rod , . 
Nickel-chrome crank-shaft* . . 
Nickel-chrome crank-shaftf . . 
Nickel-chrome cam-shaft 
Nickel-chrome gear-wheel 
Nickel-chrome inlet valve 
Chromium inlet valve . . 

Nickel- chrome exhaust valve . , 
Chromium exhaust valve 

Steel valve springs 
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TABLE LXXXIII. 

Crushing Strength of Tool Steel Balls. 


Size, 

Inches. 

Crushing 

Load, 

Pounds, 

Size, 

Inches. 

Crushing 

Load, 

Pounds. 

Size, 

Inches. 

Crushing 
! Load, 

Pounds. 

iV 

330 

i 

6215 

5 

39,000 

7l' a 

875 

A 

9940 

^ i 

56,250 


1562 


14,000 

7 1 

76,000 

i 

2450 

vV 

19,000 

l" 

100,000 

I'a 

3490 

1 

25,000 

n 

225,000 


4780 


31,500 


400,000 


- -- 









IMdchinery.] 

Note . — Alloy steel balls are from 20 to 30 per cent, stronger than tool 
steel balls. 


Automobile Materials (Ferrous). 

Table LXXX. gives some actual examples of the com- 
position of ferrous materials employed in automobile work, 
the corresponding mechanical test results being given in 
Table LXXXL 

Typical Examples of Aircraft Materials (Ferrous). 

Aeroplane Engines. — The chemical analyses and mechanical 
test results on p. 392 refer to modern aeroplane engines, 
in which the property of maximum strength for weight, in 
the materials employed, is of the utmost importance. 

TABLE LXXXIV. 

Ferrous Materials employed for Automobile Members 
AND Aero-Engines. 


Name of Part. 

Materials Employed. 

Engines. 


Cylinders 

Cast iron (fine grained white, low carbon content), 
40 ton steel for aero-cylinders, aluminium alloy 
with steel or iron liners. 

Pistons 

Cast iron (fine grained), medium carbon steel 
or aluminium alloy. 

Piston rings 

Chilled cast iron (mottled). 

Crank-shaft 

40 ton steel, 3 per cent, nickel steel, chrome- 

• 

vanadium, nickel-chrome (oil-hardened). 
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Fereous Materials — continued. 


Name of Part. 


Engines— 


Materials Emjyloyed. 


Camshaft 
Connecting i*od 

Connecting rod bolts 
(Judgeon pins . . 

Starting dogs . . 

Inlet valves 

Exhaust valves 

Gears, high duty 
Gears, normal . . 

Valve springs . . 
Ball bearings 

Transmission. 


. Case-hardening nickel steel, C.-H. carbon steel, 
C.-H. nickel-chrome steel. 

. Nickel-chrome steel, chrome- vanadium steel, 
40 ton steel, air-hardening nickel-chrome 
steel (100 tons). 

. 3 per cent, nickel steel or nickel-chrome steel. 

. (Jasc- hardening nickel-.steel or C.-H. mild steel, 
C.-H. nickel chrome steel. 

. Ca.se-hardenmg nickel steel or C.-H. mild steel, 
C.-H. nickel-chrome steel. 

. Tungsten steel, chrome valve steel, nickel- 
chrome steel. 

. Tungsten steel, chrome valve steel, 25 per cent, 
nickel steel. 

. (A) Air or oil hardening nickel-chrome steel. 

. (B) ('ase-hardening, carbon, nickel or nickel- 
chrome steels. 

. Silicon-manganese .steel, nickel-chrome steel, 
carbon spring steel. 

f Nickel-chrome steel (oil-hardened). 

\ Good carbon steel (case-hardened). 


Clutch coupling 
Coupling pins . . 
Spiders 

Gear shafts 

Constant mesh pinions 
Striking lever shafts . . 

Sliding pinions. . 
Universal joint blocks. . 
Universal joint boss . . 
Foot brake drum 
Foot brake shoes 
Worm and worm shaft 
Brake and operating rods 


Nickel-chrome steel, 3 yier cent, nickel .steel. 
Case-hardening nickel or mild .steel. 
Nickel-chrome .steel, chrome-vanadium steel, or 
40 ton steel. 

Nickel-chrome steel, chrome- vanadium steel, 
or 40 ton steel. 

Case-hardening nickel steel, or mild steel. 
Case-hardening nickel steel, or chrome-vanadium 
steel. 

Ca.se-hardening nickel steel, or mild steel. 
('!a.se-hardening nickel steel, or mild steel. 
Nickel-chrome steel. 

Mild steel. 

Ca.st iron (medium). 

Ca.se-hardening mild steel. 

Bright drawn mild steel. 


Axles. 


Tubes 

Shafts 

Bevel pinions . . 
Crown wheel 


Spider . . 

Cams ( brake) . . 
Propeller shaft.. 


40 ton steel, nickel-chrome steel. 

Nickel-chrome steel, 3 per cent, nickel steel. 

Case-hardening mild steel, nickel-chrome steel 
(case-hardening). 

Case-hardening mild steel, nickel-chrome steel 
(case-hardening). (Also 100 ton air-hardening 
nickel-chrome steels.) 

Nickel-chrome steel, chrome-vanadium, medium 
carbon steel. 

Case-hardening nickel steel, C.-H. mild steel. 

Nickel-chrome steel, chrome- vanadium steel. 
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Ferrous Materials - 


Name of Part 

Materials Employed, 

Axles - continued 


Torque tube 

40 ton steel, nickel-chrome steel. 

Radius rod 

Bright drawn mild steel, or chrome -vanadium 
steel. 

Tie rods 

Bright drawn mild steel, or chrome- vanadium 
steel. 

Leaf springs 

Chrome- vanadium steel, silico-mangancse steel, 
high silicon steel, chrome-silicon steel. 

Chassis and Steekino. 


Chassis, frame . . 

Nickel steel, mild steel, nickel-chrome steel. 

Shackles 

Nickel-chrome steel, chrome- vanadium steel, 
medium carbon steel. 

Front axle 

Nickel-chrome steel, chrome- vanadium steel, 
good carbon steel. 

Cross members.. 

Nickel steel, mild steel. 

Steering swivel 

Nickel-chrome steel, chrome- vanadium steel, 
good carbon steel. 

Swivel pins 

Niokel-chromc steel, chrome-vanadium steel, 
good carbon steeU 

Steering arms . . 

Nickel-chrome steel, chrome- vanadium steel, 
good carbon steel. 

Steering links , . 

Nickel-chrome steel, chrome-vanadium steel, 
good carbon steel. 

Worm 

Case-hardening mild steel. 

Sector 

Case-hardening mild steel. 

Worm shaft 

(iood mild steel, niekel steel. 

Sector shaft 

Ciood mild steel, nickel steel. 

Steering pm joint? 

Case-hardening nickel steel. 

Ball joints 

Case-hardening niekel steel. 

Spring clips 

Cood mild steel. 

- - 




CHAPTER VII 

COMMERCIAL FORMS OF FERROUS MATERIALS 


Sheet Steels. 

Most of the steels hitherto considered can be produced 
in the form of sheets by successive rolling processes, during 
which the material becomes hardened, unless frequently 
annealed. 

The steels employed for sheets may be broadly divided into 
two classes — namely, (a) Weldable Steels and (b) Ibiweldable 
Steels. 

Class (a) includes the low and medium carbon steels and 
also low nickel steels. 

Class (b) includes high carbon and alloy steels such as 
nickel-chrome, chrome-vanadium, manganese, etc. 

The weldable steels can be hammered and bent cold to 
fairly sharp angles without cracking. 

The high tensile steels can generally bo bent cold in the 
annealed state, but require subsequent heat treatment in 
order to develop their full mechanical strength properties. 

Table LXXXV. gives the mechanical properties of the 
principal steels used in the sheet form. 

Mild and Low Carbon Sheet Steels. 

These steel sheets are more widely employed in automobile 
work than any other, for pressed parts such as bonnets, 
mudguards, wings, body work, and sheet metal fittings. 
Mild steel sheets are also employed in aircraft work for fittings 
requiring welding, for bent-metal parts, and for clips and fittings 
which are not heavily stressed. 

This steel can be easily punched, drilled, sheared, and bent to 
sharp angles without cracking, and is particularly suited to 
hand sheet metal work. 


396 
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TABLE LXXXV. 

Properties op Sheet Steels. 


Material. 

Condition. 

Yield 
Point. 
Tom per 
Square 
Inch. 

Tensile 
Strength 
Tons per 
Square 
Inch. 

Kloruja- 
tion on 

2 Iriehes 
per Cent. 

Elonga- 
tion on 

2 Inches 
per Cent. 

Mild stool shoot. 

1 

As rolled. ; 18 

26 

30 

40 

I.A.S.B. extra soft 
carbon steel 

sheet. 

Annealed {speci- 
mens cut in any 
direction). 

13-4* 

22-3* 

25* 

(on 4 
inches) 

— 

I. A. S. B. soft 

carbon steel 

shoot. 

Annealed (speci- 
mens cut in any 
direction). 

10-0* 

26-8* 

33-5* 

22* 

(on 4 
inches) 

— 

I.A.S.B. one-half 
hard carbon 

steel shoot. 

Annealed (speci- 
mens cut in any 
direction). 

20-5* 

18* 

(on 4 
inches) 

— 

“Best quality” 
aeroplane steel 
sheets R.A. K. 

As taken from 
sheet. 

25* 

v1i3*5* 

50* 

10* 

(on 4 
inches) 

20* 

I.A.S.B. standard 
alloy steel 

shccts.f 

Heat-treated ac- 
-cording to 
manufacturer’s 
instructions. 

44-5* 

15 

(on 4 ' 
inches) 


Firth’s (JN/1 cru- 
cible 5 per cent, 
nickel steel 

sheet. 

As rolled, 
r Annealed. 

1 Heat-treated. 

26 

2!) 

30 

34*5 

35 

40 

19-5 ! 33 

24 35 

26 40 

Firth’s 25 per 
cent. nickel 

steel sheet.s. 

1 As rolled, 
j Heat-treated. 

36-6 

28 

52*6 

42-9 

20 23-3 

34-5 37-9 

Firth’s non-oorro- 
diblo high ten- 
sile steel sheets. 

1 Annealed. 

1 Heat-treated. 

35 

55 

60-4 

61 

18 31*9 

11*5 1 24-9 

Bullet - proof 
nickel - chrome 
steel plate.f 

Heat-treated. 

60 to 80 

80 to 120 

10 to 4 — 

Manganese steel 
plate. 

Toughened by 
quenching. 

20 

35 

10 to 15 — 


♦ Minimum values. 


f See p. 404 for fuller particulars. 
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Chemical Properties. — The carbon content of this class of 
steel varies from 0*05 to 0-60 per cent., according to its 
application. 

Mechanical Properties. — Specifications for sheet steels of this 
class require that test strips,* cut in any direction from the 
sheet, shall conform with certain minimum conditions of yield 
stress, tensile strength, elongation, and reduction of area, 
similar to the given in Table LXXXV. and in the specifications 
given upon p. 400. 

It is now general to stipulate a bend testf for strips cut in 
any direction; the strips should be capable of being hammered 
over, or otherwise bent, cold, through an angle of 180"^, 
that is to say, parallel to the original direction, to a radius 
equal to the thickness of the plate, without cracking on the 
outer surface of the bend. 

A further test, often specified, is that strips, IJ inches wide, 
cut from the sheets, and with the edges rounded, shall stand 
reverse bending cold, through an angle of 1)0"^, for not less than 
three complete reversals without fracture. 

Weld Test.— It is sometimes desirable to specify that a 
welded joint of the sheet material shall be tested intension, and 
that the efficiency of the weld shall be not less than from 
80 to 85 per cent, of that of the unwelded metal. 

International Aircraft Standard Sheet Steels. 

Three mild steels for sheets are speoilicd for aircraft work — namely, 
(a) Extra Soft Carbon Steel, (6) Soft Carbon Steel, and (c) Half Hard Carbon 
Steel. 

The steels should be manufactured, or at least finished by the open- 
hearth, electric-furnace, or crucible process. 

A sufficient discard should be made from each ingot to secure freedom 
from piping and undue segregation. 

Sheets, unless ordered cold-rolled, shall be full pickled. 

Chemical Composition. 

The following are the specified percentage compositions 

♦ The standard test piece for aircraft work measures 4 inches (gauge 
length) by 1^ inches wide, by gauge thickness. 

f For particulars of methods of testing sheet-metal, see p. 74 et seq. 
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TABLE LXXXVI. 

Material Specifications of Carbon Sheet Steels. 


No. 

Material. 

Carbon. 

Maru)anese.\ 

Phosphorus 

{max.). 

Sulphur 

{max.). 

1010 

Extra soft carbon 

0-05 to 0-15 

0-30 to 0-60 

0-045 

0-050 

1020 

Soft carbon 

0-15 to 0-25 

0-30 to O-GO 

0-045 

0-050 

1025 

Soft carbon 

0*20 to 0-30 

0-50 to 0-80 

0-045 

0-050 

1030 

Half hard carbon . . 

0*25 to 0-35 

0-50 to 0-80 

0-045 

0-050 

1035 

Half hard carbon . . 

0-30 to 0-40 

0*50 to 0-80 

0-045 

0-050 


Note. — When electric or crucible furnace steel is specitied in the order 
the maximum allowable percentages of phosphorus and sulphur may be 
limited to 0*03 per cent. 


Heat Treatment. 

Sheets are to be well and uniformly annealed, in accordance with good 
commercial practice. L^or sheets lighter than 0*0()5 inch (l'G5 mm.) box 
annealing is preferred. For sheets 0*0()5 inch and thicker, ojien annealing 
is preferred. 


Workmanship and Finish. 

It is stipulated that the sheets must be commercially Hat, clean, smooth, 
free from seams, laminations, blisters, and other surface defects. They 
must bo uniform in quality, and within the following margins of manufacture. 

TABLL LXXXVII. 

Tolerances for Standard Steel Sheets. 


Thickness. 


Toleiance for lA-inch (35*6 cms.) 
Wide Sheets, and U)ider. 





cms.) Wide. 

Inches. 

Millimetres. 

Inches. 

Millimetres. 

Inches. \ 

Mm. 

0 to 0-020 

0-51 

+ 0-011 to-0'002 

+ 0-03 to - 0-05 

+ 0-002! 

+0-05 

0-021 to 0-030 

0-54 to 0-76 

+ 0-002 to - 0-003 

+ 0-05 to -0-08 

+ 0-003 

+ 0-08 

0-031 to 0-040 

0-70 to 1-02 

+ 0-003 

+ 0-08 

+ 0-003 

+ 0-08 

0-041 to 0-050 

1-05 to 1-27 

+ 0-003 

+0-08 

+ 0-004 

+ 0-10. 

0-051 to 0-065 

1-30 to 1-65 

+ 0-004 

+0-10 

+ 0-004 

+ 0-10 

0-066 to 0-080 

1-68 to 2-03 

+ 0-004 

+ 0-10 

+0-005 

+ 0-13 

0-081 to 0-100 

2-06 to 2-.54 

+ 0-006 

+ 0-15 

+ 0-(XH5 

+0-15 

0-101 to 0-120 

2-57 to 3-05 

+ 0-006 

+ 0-15 

+ 0-007 

+ 0-18 

0-121 to 0-250 

3-08 to 6-35 

+ 0-006 

+0-15 

+ 0-008 

+ 0-20 


Tolerance for 
Sheets over 14 
Inches (35*0 


Physical Properties and Tests. 

[a) Specimens cut in any direction from the sheets shall have the following 
properties 
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TABLE LXXXVIII. 


Tensile Test {b) Minimum Values. I.A.S.B. 


No. 

Material. 

Minimum 

Yield Point. 

Minimum 
Tensile Strength. 

1010 

Extra soft car- 
bon steel 

Lbs. sq. in. 

30,000 

Ktf. sq. 

niiTi. 

21*09 

Lbs. sq. in 

50,000 

Kg. sq. 7iin». 

35*2 

10201 
1025 1 

Soft carbon 

steel 

1 36,000 

2.5*31 

60,000 

42*18 

1030 \ 
1035/ 

Half hard car- 
bon steel 

1 45,000 

1 

31*64 

I 

75,000 

52*73 


Minimum 
Elongation 
per Cent. 


On 4 ins. 
(101 •() min.) 

25-0 


22-0 


18-0 


Bend Test. — (c) Strips cut from sheets shall stand being bent cold through 
an angle of 180° in any direction, to a radius equal to the thickness of the 
sheet without fracture. 

(d) Strips 1^ inch (31*75 mm.) wide, cut from sheets and with edges 
rounded, shall stand reverse bending, cold, through an angle of 90°, for not 
less than throe complete reversals without fracture. The test is to be made 
in a square-nose vice, the edges over which the specimen is bent being rounded 
to a radius equal to three times the thickness of the sheet. 


Selection of Test Specimens. 

Throe sheets shall be taken from each annealing box to represent the top, 
middle, and bottom of the stock, or one sheet from each 25, when sheets are 
open-annealed. One tensile, one bend, and one reverse bending test shall 
be made from each sheet selected. 

Delivery. — It is specified that all sheets should be oiled for protection 
against corrosion. Sheets thinner than 0*0()5 inch shall be boxed, the weight 
of each box with contents not exceeding 220 pounds. 

Sheets thicker than 0*065 inch up to 0*125 inch should be crated, the 
weight of the loaded crate not exceeding 220 pounds. 

Sheets thicker than 0*125 inch may be bundled, the weight of such bundle 
not exceeding 220 pounds. 


High Tensile Sheet Steels. 

It is now possible to obtain in the sheet form steels, such as 
low and high nickel, nickel-chrome, chrome- vanadium, manga- 
nese, and similar steels, possessing almost identical properties* 
to those discussed in the previous chapter. In general, these 
sheet steels are not recommended for hand bent sheet metal 

♦ In general, for the same chemical compositions these steclp gre harder, 
due to the rolling operations. 
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work, in view of the possibility of over-bending in the cold, 
and of the smaller elongation. 

Sheet metal parts for aircraft fittings should preferably be 
pressed or stamped, and suitably heat-treated afterwards, in 
order to develop their full mechanical properties. 

For aircraft work, where lightness is essential, it is possible 
to obtain from the manufacturers sheet steels which, when 
properly heat-treated, will give tensile strengths varying from 
50 to 100 tons per square inch. 

Low Nickel Sheet Steel. 

Steel containing about 5 per cent, of nickel* and medium 
carbon content, closely resembling the low nickel steels men- 
tioned in the previous chapter, is employed to a considerable 
extent in connexion with aircraft work. 

This sheet steel may be punclnal, sheared, drilled, and bent 
cold to sharj) angles without cracking, but requires a greater 
bending effort than in the case of low carbon steels. It is 
used for aircraft lugs, wiring plates, socket-clips, brackets, 
clips, engine plates, etc. 

This steel can, with special care, be welded by the acetylene 
process. Annealing the rolled sheet improves its ductility 
without impairing the strength, and this process should be 
applied to all sheet metal parts after their manufacture, in 
order to relieve them from bending and hammering internal 
strains, etc. 

In Table LXXXfX. the typical test results given refer to the 
properties of the 5 per cent, nickel steel, mentioned in the foot- 
note, the tests being made upon 14 8.W.G. (0-080 inch) sheets. 

High Nickel Sheet Steel. 

Steel containing 25 per cent, nickel is frequently employed 
in the sheet form for aircraft fittings; this steel, which is 
identical with that mentioned in the previous chapter, is non- 
magnetic and practically non-corrodible when suitably heat- 
treated. 

* A typical stool of this class is Firth’s CN/l crucible 5 per cent, nickel 
sheet steel. 
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TABLE LXXXIX. 

Properties of 5 per Cent. Nickel Sheet Steel. 


Condition. 

Yield Point. 

Tons per 
Square Inch. 

Strength. 
Tons per 
Square Inch. 

Elongation 
per Cent, 
in 2 Inches. 

Reduction 
of A rea 
per Cent. 

As rolled 

26 

35-4 

19-6 

33 

Annealed 

29 

35-0 

24-0 

35 

Heat-treated . . 

30 

40-0 

26-0 

40 


Sheets made of this steel may be cold bent and machined 
without difficulty, in the rolled or annealed state ; they 
can be welded, if suitable precautions are taken, and also 
brazed. 

This material is used for aircraft clips, lugs, brackets, engine - 
plates, parts situated near compasses, etc. 

The following are the results of tests* made upon 14 S.W.G. 
(=0-080 inch) sheets. 


TABLE XC. 

Properties of 25 per Cent. Nickel Sheet Steel. 


Condition. 

Yield Point. 

Tons per 
Square Inch. 

Tensde 
Strength. 
Tons per 
Square Inch. 

Elongation 
per Cent, 
in 2 Inches. 

Reduction 
of Area 
per Cent. 

As rolled 

36-6 

52-6 

20 

23-3 

Heat-treated . . 

28 

42-9 

34-5 

37-9 


It will be observed that the ductility is greatly increased, and 
the tensile and yield strengths lowered by heat treatment; 
the steel is, however, practically non-magnetic in this state. 
In order to preserve the non-magnetic property, after welding, 
or heating the finished parts, or material for any purpose, 
it is necessary to reheat them. 


Firth’s NS/26 crucible 25 per cent, nickel steel sheets. 
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Non-Corrodible High Tensile Sheet Steels. 

“ Stainless,” or high chromium steels* are now employed 
for aircraft sheet metal parts which arc exposed to oxidizing 
atmospheric or sea-water influences. These steels success- 
fully resist the above corrosive actions, and may be employed 
for all exposed fittings of aeroplanes, airships, seaplanes, etc. 

By suitable heat treatments,! tensile strengths varying 
from 40 tons per square inch with 28 per cent, elongation, 
up to 90 tons per square inch with from 8 to 12 per cent, 
elongation, can be obtained. 

It is possible to braze this material, but it is not satis- 
factorily^ to weld it, as the welded joint is liable to corrode 
quickly, owing to the effect of the welding heat, in altering the 
structure and composition of the material. After brazing or 
any heating operation, it is necessary to reheat this steel. 

Sheets of this material may bo bent cold, in tlu' annealed 
state, without cracking. 

The following results^ were obtained from tests upon 
14 S.W.G. (0’080 inch) sheets: 


TABLE XOl. 

Properties of Non-Corrooible Sheet Steels. 



Yield Point. 

Ten.nle 
StiejKjth. 
Tonii per 
Square Inch. 

Klonqation 
per Cent, 
in 2 Inches. 

JteduHion 

Condition. 

1 Tom per 

1 Square Inch. 

of A ren 
per Cent. 

Annealed 

35 

50-4 

18 

31-9 

Heat-treated . . 

1 

. i 55 

[ 

fil 

11-5 

24-9 


High Tensile Sheet Steels. 

Nickel-chrome, chrome-vanadium, and similar steels are 
supplied in the sheet form for high tensile fittings for auto- 
mobile and aircraft work. 

* See p. 377. 

t Particulars of heat treatments and corresponding strengths aro given 
on p. 381. 

J Messrs. Firth’s F.A.S. (non-corrodible) high tensile steel sheets. 
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In general these steels are not weldable, but can be hard 
or soft soldered. 

Parts made from these sheets should be stamped or pressed 
from annealed sheets, and afterwards heat-treated. These 
steels are employed for parts where maximum strength and 
fatigue resistance combined with minimum weight are 
essential. 

It is usual to specify, what is known as “ High Tensile ” 
sheet steel, to possess the following properties: 


Yield point 
Tensile strength 
Elongation in 4 inches 
Reduction of area 


Mimtnum Values. 

25 tons per square inch. 
50 

10 per cent. 

20 „ 


This material should be capable of being bent over double 
in any direction, to a radius equal to one-half of the sheet- 
thickness, without cracking. 

The following are the permissible limits of variation for 
the sheet thicknesses: 


TABLE XCII. 

Tolerances for Sheet Steels. 


Thickness of Sheet. 

Maximuin Permissible 

V arialion. 

Inches. 

! N.IF.G. 

Inches. 

0-19 to 0-10 

6 to 12 

+ 0-006 to - 0-006 

0-10 to 0-048 

13 to 18 

+ 0-004 to - 0-004 

0-048 to 0-028 

19 to 22 

+ 0-002 to - 0-002 

0-028 and above. 

23 and above. 

+ 0-001 to - 0-001 


International Aircraft Standard Specification for Alloy Steel 
Sheet. 


3N28 — Specifications for Alloy Steel Sheet. 

General. — 1. Th« general specifications, IGl, shall form according to 
their applicability, a part of these specifications. 

Material. — 2. The material for these sheets shall be chosen from the 
J.A.S.B. standard alloy steels listed below; 
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TABLE XCril. 

Chemical Composition of Standard Alloy Steels. 


Nickel Steels. 


No. 

Carbon. 

Manganese. 

Phos- 

phorus 

{max.). 

Sulphur 

{7nax.). 

Nickel. 

Chromium. 

2315 

0*10 to 0*20 

0*30 to 0*60 

0*040 

0*045 

3*25 to 3*75 


2320 

0*15 to 0*25 

0*30 to 0*00 

0*040 

0*045 

3*23 to 3*73 

. — 

2325 

0*20 to 0*30 

0*50 to 0*80 

0*040 

0*045 

3*25 to 3*75 

__ 





- 

' 

' 




Nickel-Chromium Steels. 


No. 

Carbon. 

d/rtiiyaaese. 

Phos- 

phorus 

{max.). 

Sulphur 

{max.). 

[ 

Nickel. 

Chromium. 

3120 

3215 

3315 

3315 

0*15 to 0*25 
0*10 to 0*20 
0*10 to 0*20 
0*10 to 0*20 

0*.30 to 0*60 
0*30 to 0*50 
0*30 to 0*60 
0*30 to 0*60 

0*040 

0*040 

0*040 

0*040 

0*045 

0*045 

0*045 

0*045 

1*00 to 1*50 
1*50 to 2*00 
2*75 to 3*25 
3*25 to 3*75 

0*45 to 0*75 
0*90 to 1*25 
0*70 to 1*46 
1*25 to 1*75 



Chromium-Vanadium Steels. 


No. 

Carbon. 

Manganese. 

Phos- 

phorus 

{max.). 

Sulphur 

{max.). 

Chromium.\ 

Vanadium 

{min.). 

6120 

0*15 to 0*25 

*0*30 to 0*60 

1 

0*040 

0*045 

i 

0*60 to 0*60 

0*15 


The composition shall be stated by the manufacturer or contractor and 
is further limited as follows Carbon, not over 0*25 per cent. 

M vnufacture. — 3. {a) The steel shall be manufactured, or at least 

finished, by the open-hearth, electric-furnace, or crucible process. 

(6) A sufficient discard shall be made from each ingot to secure freedom • 
from piping and undue segregation. 

(c) Sheets, unless ordered cold-rolled, shall be full pickled. 

{d) Sheets are to be well and uniformly annealed in accordance with good 
commercial practice. For sheets lighter than 0’065 inch (T65 mm.), box 
annealing is preferred. For sheets 0*065 inch (1*65 mm.) and thicker, open 
annealing is preferred. 

Heat Treatment. — (e) The manufacturer shall state the heat treatment 
recommended to give the physical properties specified. 

Workmanship and Finish. — 4. {a) The sheets must be commercially 

flat, clean, smooth, free from seams, laminations, blisters, and other surface 
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defects. They must be uniform in quality, and within the stipulated 
margins of manufacture. 

{b) Any sheet may be rejected because of injurious defects or faults in 
manufacture at any time, notwithstanding that it has previously been 
accepted by the inspector; it shall be returned to the manufacturer at the 
latter’s expense. This clause shall not bo taken to apply to materials 
fabricated after export. 

Physical Proferties anu Test.s. — 5. {a) Specimens cut in any direc- 

tion from the heat-treated sheets shall liave the following properties: 

Ttiiviile Test. — -{h) Minimum tensile strength, 100,000 pounds per siiuare 
inch (70'30 kg. per mm.); minimum yield ])oint, 75,000 pounds per square inch 
(52’73 kg. per mm.); minimum elongation, 15 per cent, in 4 inches (101-0 
mm.). 

Bend Test. — (c) Stiips cut from annealed sheets shall stand being bent 
cold through an angle of 180 degrees, in any direction, to a radius equal to 
the thickness of the sheet without fracture. 

(d) Strips IJ inches (31-75 mm.) wide cut from annealed sheets and with 
edges rounded, sliall stand reversed bending, cold, through an angle of 
90 degrees for not less than three complete reversals, without fracture. The 
test IS to bo made in a square-nose vice, the edges over which the specimen 
is bent being rounded to a radius equal to three times the thickness of the 
sheet. 

Selection or Test Specimens. — 0. Throe sheets shall be taken from 
each annealing box to represent the top, middle, and bottom of the stack, 
or one sheet from each twenty-five when sheets are open annealed. One 
tensile, one bending, and one reverse bending test, shall be made from each 
sheet selected. 

Dimensions and Tolerances. — 7. The dimensions and tolerances shall 
be those given in the table below and in the specifications 3811. The 
thickness will be specified in decimals of an inch or millimcties 


TABLE XOIV. 

Table op Tolerances for Standard Steel Sheets. 




Tolerance for Bheets 

Tolerance for Sheets 

Thickness. 

14 Inches (33-6 rw.) 
IK ide and U nder. 

over 

(35-6 

14 Inches 
cm.) Wide. 

Inches. 

Millimetres. 

Inches. 

Millimetres. 

Inches. 

Millimetres. 

•0 to 0-020j 

0-51 

+ 0-001 
-0-002 

+ 0-03 
-0-05 

±0-002 

±0-05 

0-021 to 0-030 

0-54 to 0-76 

+ 0-002 
- 0-003 

+ 0-05 
-0-08 

±0-003 

±0-08 

0-031 to 0-040 

0-79 to 1-02 

+ 0-003 

+ 0-08 

+ 0-003 

+ 0-08 

0-041 to 0-050 

1-05 to 1-27 

+ 0-003 

+ 0-08 

+ 0-004 

+ 0-10 

0-051 to 0-005 

1-30 to 1-65 

+0-004 i 

+0-10 

+ 0-004 

+ 0-10 

0-066 to 0-080 

1-68 to 2-03 

+ 0-004 

+0-10 

+ 0-005 

+ 0-13 

0-801 to 0-100 

2-06 to 2-54 

+ 0-006 

+0-15 

+ 0-006 

+ 0-15 

0-101 to 0-120 

2-57 to 3-05 

+ 0-006 

+ 0-15 

+ 0-007 

+ 0-18 

0-121 to 0 250 

3-08 to 6-35 

+ 0-006 

+0-15 

+ 0-008 

+0-20 
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Delivery, Packing, and Shipping.— 8 . (o) Sheets shall be cut to the 
required dimensions and shall be ordered in as narrow widths as can be 
used. 

(b) All sheets shall be oiled for protection against corrosion. 

(c) Sheets 0*065 inch (1*65 mm.) or thinner shall be boxed, the weight 
of the box with contents not to exceed 220 pounds (100 kg.). 

(d) Sheets thicker than 0*065 inch (1*65 mm.), up to and including 
0*125 inch (3*18 mm.), shall be crated, the weight of crate and contents 
not to exceed 220 pounds (100 kg.). 

(e) Sheets thicker than 0*125 inch (3*18 mm.) may be bundled, the weight 
of bundle not to exceed 220 pounds (100 kg.) 

When electric or crucible furnace steel is specified in the order, the 
maximum allowable percentages of phosphorus and sulphur may, at the 
oj)tion of the purchaser, be limited to 0*03 per cent. 


Manganese Sheet Steel. 

Manganese sheet steel containing up to about 1 per cent, 
of manganese is both tough and ductile; it can be cold bent 
and worked satisfactorily without exhibiting defects. High 
manganese steel,* .containing from 11 to 14 per cent, of 
manganese, when suitably quenched from about 950° C. 
becomes exceedingly tough and non-magnetic ; by progres- 
sive tempering, the material becomes harder, but more and 
more magnetic. 

This sheet steel, in the commercial form, is very difficult 
to work, but it can bo punched and sheared; in many cases 
parts may be ground to shape. 

When toughened by quenching, high manganese sheet steel 
can be obtained, with a yield strength of about 20 tons per 
square inch, and tensile strength of about 35 tons per square 
inch. It can bo bent over double to a very small radius 
without exhibiting cracks. 

Bullet- and Shrapnel-Proof Sheet Steels. 

These steels are usually either nickel-chromef or chrome- 
vanadium, air, oil, or water hardened; parts made from 
such materials are stamped, pressed, or otherwise marked in 
the annealed state, first, and hardened afterwards. Tensile 

* Also see p. 384. 

f For fuller particulars of these steels, refer to the previous chapter. 
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strengths varying from 80 to 120 tons per square inch with 
from 15 to 8 per cent, elongation are obtained after suitably 
hardening. 

These steels are Employed for light bullet- and shrapnel- 
proof parts, such as machine-gun shields, shrapnel-proof in- 
fantry helmets, aircraft seats, tanks, and armour, etc. 

Bullet-proof plates should have a Brincll hardness of from 
300 to 500. 

For ordinary Mark VII. nickel pointed lead bullets, a 
bullet-proof steel plate of 10 S.W.G. (0-128 inch), weighing 
5-12 pounds per square foot, will successfully resist penetra- 
tion at a range of 450 yards. Hardened nickel-chrome steel 
jDlates of 12 S.W.G. (0-104 inch), weighing 4-16 pounds per 
square foot, are bullet-proof at about 500 yards range; plates 
of 3 S.W.G. (0-252 inch), weighing 10-10 pounds per square 
foot, are bullet-proof to ordinary pointed bullets at about 
500 feet range. 

The armour-piercing type of bullet, having a glass-hard alloy 
steel pointed core, with nickel or copper sheath, will penetrate 
any of the above plates, but will not perforate, at a range of 
500 yards, a nickel-chrome plate of about 4 S.W.G. (0-232 inch), 
weighing 9-28 pounds per square foot or a plate of 0-34 inch 
thickness, weighing 13-8 pounds per square foot at 100 yards 
range. 

A type of bullet-proof plate* much used in trench warfare 
during the late war was 0-376 inch in thickness, and as an 
inspection test before delivery had to withstand the concen- 
trated fire of the new 0-276 inch bore rifle, which has a much 
greater penetrating power than the 0-303 inch type. 

A bullet proof plate of 8 mm. thickness produced by Messrs 
W. Beardmore was shown to also be proof against attacks 
by Mills’ bombs, but it was found that the ordinary 7 mm. 
plates were not capable of stopping the Mauser bullet fired 
in the reverse way (to give it greater penetrating power), 
so that it was finally decided to employ a 10 mm. plate. 

It has now become possible to produce a special alloy steel 

* The Beardmore News, February, 1919, 
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plate of 10 mm. thickness, which will be proof at 60 yards 
range against either the French or German armour-piercing 
bullet; this type of plate is eminently suitable for armouring 
cars, tanks, etc. 

The later types of tanks employed, in vital places, armour 
of 16 mm. thickness. 

Electrical Sheet Steels. 

Sheet steels* containing a low carbon content are employed 
for the stampings or punchings of laminated cores of electrical 
machinery, for magnetic circuits, etc. 

Such steels should possess low hysteresis losses, and high 
permeability, together with non-aging characteristics. It 
has been found that low carbon steel, containing from 3 to 5 
per cent, of silicon, is parti(*ularly suitable for transformer 
sheets on account of its low core losses and high per- 
meability. 

Table XCV. gives typical resultsf for electrical sheets. 


Steel Tubing. 

There are, at present, three principal classes of steel tubing 
of the solid, or non-flexible, variety, in everyday use, namely, 

(rt) Weldless, or Seamless tubing; (6) Welded tubing; and 
(c) Open Seamed or Conduit tubing. 

Class (a) is produced from a hollow billet by drawing or 
rolling, and is uniform in structure. 

Class (6) is made by bending or rolling strips of steel to a 
circular or any other section and welding the junction. 
Class (c) is made exactly similar to the preceding, but is not 
welded; it is employed in cases where the tubes are lightly • 
loaded — such as for electric wire conduits, and ornamental 
purposes. 

Seamless tubing can be produced in both carbon and alloy 
steels, and is of uniform strength, on account of the absence 
of joints. 

* See also jx 397 and 398. 

I American Sheet and Tin Plate Company. 
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TABLE XCV. 

Properties op Electrical Sheet Steels. 


Material. 

Ordinary 
Dynamo and 
Motor Sheets. 

Special 
Dynamo and 
Motor Sheets. 

Transformer 

Sheets. 

Low 

Open Hearth 
Carbon Steel. 

\ 

Low 

Open Hearth 
Carbon Steel. 

4 per Cent. 
Silicon Low 
Carbon Steel. 

Specific gravity (sheet form). . 
Yield point, across grain, 
pounds per square inch 
Tensile strength, across grain, 
pounds per square inch 
Elongation in 8 inches, across 
grain, per cent. 

YTeld point, along grain, 
pounds per square inch 
Tensile strength, along grain, 
pounds per square inch 
Elongation, along grain, per 
cent. . . 

7-70 

30.000 

1 

, 48,000 

21 

33.000 

55.000 

1 

7-72 

1 35,000 

52,000 

25 

' 38,000 

i 

1 61,000 

10 

7-5 

20,000 

06,000 

2-4 

22,000 

102,00) 

2-1 

Resistivity, microhni-cm. 

j 8 to 12 

15 to 18 

40 to 50 

Hysteresis loss at = 10,000 




ergs per cubic cm. per cycle 

4042 

3336 

1706 

Hysteresis coefficient . . 

0-001600 

0-001328 

0-000715 


Welded tubing possesses the advantage that a more uniform 
wall thickness can be obtained, free from drawing marks, 
and is not subjected to the disadvantages which often occur 
in the case of drawing and length rolling processes; it is only 
possible, however, to employ welding steels such as low and 
medium carbon, and low nickel steels. The process of manu- 
facturing welded tubing is quicker and less expensive than 
that of drawing or rolling, but the strength of the welded joint 
is rather an uncertain quantity; this class of tubing is not 
employed for aircraft work. 

In the case of certain mild steels, the tubing is often first 
made by welding the rolled plate with an electric arc which 
can travel along at a uniform rate, and the welded tube is then 
drawn through dies in the ordinary manner ; very satisfactory 
results are thus obtained, and the method is applicable to non- 
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ferrous metals, such as brass, but using a brazing process 
instead of welding. 

Manufacture of Seamless Tubing. 

The method of manufacturing this class of tubing can best 
be described by quoting from an interesting paper* upon the 
subject, given before the Aeronautical Society in 1918, as 
follows : 

“ To commence the manufacture of a seamless tube a solid 
billet of steel, well hammered and rolled, is taken. This billet 
must be carefully examined for various faults, and any lamina- 
tion or surface defect removed by chipping, or else the outside 
of the billet must be turned all over. The usual practice when 
the latter is done is to turn about I inch off the diameter of the 
billet. 

“ The first operation is then to pierce a hole. Two ways of 
doing this are in general use: one is by means of a hydraulic 
press, similar to the method of piercing shells so common in 
this country to-day, and the other by means of a rotary pierc- 
ing machine. The billet, first centred with large shallow holes, 
is heated to about 1200° 0. and fed between rolls having a 
curved outline and set at an angle which imparts a forward 
movt‘ment to the billet as it is rotated. Great pressure is used 
(which causes the billet to tend to open along its axis), and 
the billet is forced against and over a pointed mandril held on 
the end of a stout rod, which butts against a bracket at a 
distance of about 7 feet from the centre of the rolls. 

“ A billet, 4 inches diameter by 24 inches in length, will be 
made in one operation into a tube about 4 feet to 5 feet long. 
The pierced billet is then taken to another machine which is* 
provided with upper and lower rolls having semi-circular 
grooves of various radii, and by a series of operations is rolled 
into a tube of the required size. The tube is passed over 
mandrils to give the required thickness. 

* “ IStoel Tubes, Tube Manipulation, and Tubular Structures for Air- 
craft,” by Messrs. W. W. and A. G. Hackett, Aeronautical Journal ^ April, 
1918. 
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“ A much quicker process of rolling mild steel tubes is by 
means of Pilgre rolls; but for high carbon steel or chrome nickel 
steel this process has been found to be unsuitable. 

“ Cold Drawing. 

“ The first operation in the cold-drawing mills is that of 
‘ tagging ’ ; the hollow bloom (as the rough rolled tube is called) 
being reduced at one end by suitable semi-circular tools in a 
power-forging hammer. The tube in the drawing operations 
to follow will be pulled through the dies by means of the ‘ tag ’ 
thus formed. A small hole is also put into the tube at the 
point where the tag commences, in order to allow acid and 
water to work through the tube in the subsequent pickling and 
swilling processes. 

“ After being ‘ tagged ’ the tube is annealed, pickled in a 
bath of acid to remove the scale, and then swilled in clean 
water. Following this, the tube is dried and then immersed 
in a solution of soap, or in oil, to lubricate it for the drawing 
operation. It is now ready for drawing. 

‘ ‘ There are two methods of cold drawing in general use. One 
is by drawing down the outside diameter of the tube upon a 
long bar of uniform diameter and then passing the tube, while 
on the bar, through rolls fixed in a ‘ reeling ’ machine, which is 
similar to that used in the rotary piercing operation. In 
carrying out this method the tube is put on to the bar, which 
must of necessity be smaller than the bore of the tube to be 
drawn. The tube and the bar are then pulled through a die 
of hardened steel of such a boro as will give the proper reduc- 
tion of gauge to the tube. 

“ The tube is gripped on the ‘ tag ’ by means of ‘ dog ’ jaws 
sliding on inclined planes. The ‘ dog ’ is moved along the 
draw-bench by hooks which are dropped into the links of an 
endless chain. The chains move at a speed of from 12 feet to 
35 feet per minute, according to the class of material to be 
drawn. This process of cold drawing permits of a greater 
reduction of thickness at each draw than can be obtained by 
the more usual process of ‘ plug ’ drawing, but is rather harsh 
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on the material, and the expanding of the tubing (already 
hardened by drawing) to allow the mandril to be extracted 
sometimes causes splits and fractures. These are more likely 
to appear if this process is used after the tube has been drawn 
to a light gauge. 

“ The second method is that known as ‘ plug drawing,’ and 
is more usually adopted; in this case a short, hardened mandril 
is screwed into one end of a long bar. This bar is screwed at 
the other end into a larger piece of steel known as the ‘ back 
sleeve,’ which is screwed and fitted with a nut at either end. 
This sleeve has an axial movement of about 9 inches in the 
back casting of the draw-bench. The nut at the back is used 
for the purp()S(‘ of adjusting the position of the mandril in 
relation to the die. 

“ The tube is threaded over the mandril and the ‘ tag ’ is 
passed through the die, which rests against the die plate. 
Immediately th(i ‘ tag ’ is gripped by the ^ dog ’ it commences 
to move, the mandril at the same time being drawn forward 
into position by means of a rope or chain. A reduction in 
gauge thickness and diameter, with an increase in length is 
the result, due to the walls of the tube being drawn down 
between the mandril and the die. 

“ The usual reduction by this method is about a gauge and a 
half per draw on low carbon steel. The operation of cold draw- 
ing hardens the tube to quite a largo extent, and subsequent 
annealing is necessary. 


‘‘ Annealing. 

“ A properly annealed tube showing an ultimate tensile 
stress of about 30 tons per square inch should given about 38 • 
tons after undergoing the drawing operation. To properly 
prepare the tube for further cold drawing it is therefore neces- 
sary to anneal after every drawing operation, which means it 
has also to be pickled, washed, dried, and lubricated. A 
hollow bloom 1| inch diameter by 8 inches gauge would require 
nine or ten ‘ draws ’ to make it into a tube 1 J inch by 22 inches 
gauge. The annealing is carried out in suitable muffles, usually 
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at a temperature of about 600° to 650° C., until before the 
last ‘ draw,’ when a temperature of about 850° C. is advisable. 
In the case of light gauge tubes, this should be done by ‘ close 
annealing, as the scaling and blistering of a light tube by ‘ open 
annealing would bo fatal. 

“ When a tube has been drawn to about inch diameter 
there is great difficulty experienced in drawing on a mandril. 
The usual practice is to finish | inch diameter tubes and 
smaller by reducing the diameter only. This is termed ‘ sink- 
ing.’ The condition of the tube finished in this way is not so 
good as when finished on a mandril, the strength of the tube 
being less. From experiments made, tubes from 0-5 per cent, 
carbon, finished by ‘ sinking,’ show about the same tensile 
strength as tubes from 0*35 per cent, carbon finished with the 
usual ‘ draw ’ on the mandril.” 

Carbon Steel Tubes. 

The two most important carbon steels employed for tubing 
are the mild and medium carbon steels. 

Mild steel tubing contains from 0-10 to 0-25 per cent, carbon, 
whilst the average medium carbon steel content varies from 
0-30 to 0*55 per cent. 

The usual sizes of tubing commonly employed range from 
about 3 inches diameter down to | inch or J inch, and the 
thicknesses for seamless tubings from about 10 S.W.G. (0*128 
inch) down to 24 or 26 S.W.G. (0*022 to 0*018 inch). Carbon 
steel tubing is widely employed in all branches of engineering 
work, and in aircraft work for built up and welded fittings, 
frameworks of control surfaces, and occasionally for gondola, 
fuselages and body frameworks; it has also been used for air- 
ship booms and outriggers, aeroplane leading and trailing 
edges, wing ribs, and similar objects. 


Strength Properties. 

The following are the average strength limits for mild steel 
tubing : 



COMMERCIAL FO:^MS OF FERROUS MATERIALS 416 


TABLE XCVI. 


Strength of Mild Steel Tubes. 


Material and Condition. 

Yield Point. 

Tons 'per Square Inch. 

Tensile Strength. 
Tons per Square Inch. 

Mild steel tube (annealed) 

18 to 22 

30 to 36 

Mild steel tube (as drawn) 

24 to 30 

33 to 40 


The tensile strength of tubes of the same billet material is 
greater for the smaller diameter tubings, due to the greater 
hardening effect due to rolling; the variation in strength be- 
tween a 2-inch and a |-inch tube may exceed 25 per cent., when 
reckoned upon that of the larger tube. 

The following results* of tension tests refer to steel tubing 
containing 0-35 per cent, of carbon and 0-65 per cent, of 
manganese. It will be observed that the average strength 
and elongation are less for the thinner tubing ; in general when 
the tubing thickness is reduced below about one-twentieth of 
the external diameter, the strength is reduced in proportion 
to the thickness. 

TABi.E XOVII. 

Tensile Strength op Carbon Steel Tubing. 


Diameter in 
Inches. 

Thickness of 
WaU. 
Inches. 

Yield Point. 

Tons per 
Square Inch. 

Tensile 
Strength. 
Tons per 
Square Inch. 

Elongaticyn 
per Cent, in 

8 Inches. 

M80 

0-031 

32-6 

38-0 

15-6 

M80 

0-031 

36-8 

40-6 

15-8 

0-986 

0-019 

32-8 

43-4 

13-8 

0-986 

0-019 

31-0 

36-3 

13-4 

0-984 

0-019 

33-0 

,36-7 

12-9 

0-986 

0-019 

31-4 

. 37-8 

15-5 


Crushing Test. 

It is now general to specify a crushing test for mild steel 
tubing — namely, that the specimen to be tested, of length 
* Columbia University Testing Laboratory. 
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equal to IJ times the outside diameter, should withstand end- 
wise crushing until its length is decreased by from J to J of 
its original value, or until the outside diameter is increased in 
one zone by 25 per cent., or until one complete fold is formed, 
without splitting or cracking. 




Pia. 178. — The CRUsiiixa of Steel and Iron Tubino. 

Fig. 178 shows the results of an endwise crushing test* made 
upon an electrolytic iron tube; it will be seen that this material, 
like good mild steel, will withstand considerable distortion 
without cracking. 

Straightness, Diameter and Wall Thickness Variations. 

Tubing is usually supplied in lengths of from 14 to 16 feet, 
and, apart from sagging effects due to its weight, should be 
specified to be straight to within 1 in 600. The difficulties of 
annealing and heat-treating long lengths of tubing which in the 

* Engineeriwj. 
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ordinary way would necessitate subsequent restraightening 
have been satisfactorily overcome* by clamping the tube firmly 
in a vertical position between electric terminals. When a 
current is passed through the tube it is heated to the correct 
temperature for the material, and the tube is then automatic- 
ally released by the terminals, when it drops into a vertical 
cylinder containing the quenching liquid. This method, which 
can be applied to both carbon and alloy steels, does not necessi- 
tate rostraightening. The permissible variation in the out- 
side diameter of seamless tubing is usually stipulated as being 
±0-003 inch for tubes under 1^ inches outside diameter, and 
±0-005 inch for those over inches. 

The wall thickness should not vary more than -{~S per cent, 
or - 3 per cent. 

International Aircraft Standard Specifications. 

(A) Specifications for Welded Steel Tubes. 

General. — 1. The general specifications IGl shall form, according to 
their a])plicability, a part of these specifications. 

Use. — 2. Those tubes are suitable only for unstressed parts, such as 
conduit tubes. 

Material. —3. The I.A.S.B. standard steel. No. 1020, shall be used. 
Its composition is as follows 

Carbon .. .. . .. 0-15 to 0-25 per cent. 

Manganese . . . . . . . 0-30 to 0-60 ,, 

Phosphorus (max.) . . .. 0-045 ,, 

Sulphur (max.) . . . . . 0*050 ,, 

Manufacture. — 4. All tubes shall bo of the welded type. They must 
be carefully annealed before the final pass. 

Any tube may bo rejected at any time because of injurious defects or 
faults in the steel which are revealed by manufacturing operations, not- 
withstanding the fact that it has previously passed inspection. Such rejected 
material shall be returned to the manufacturer at the latter’s expense. 
This clause shall not apply to materials fabricated after export. 

Workmanship and Finish. — 5. The tubes are to be smooth, of the 
section specified, and within the permissible tolerances as to wall thickness 
of uniform diameter, free from scale, dirt, specks, longitudinal seaming, 
lamination, grooving, and blistering, both internally and externally. 

Physical Properties and Tests. — 6. The tubes shall have the follow- 
ing physical properties 

Crushing Test. — One test specimen from every 100 feet (30-5 m.) of 
tubing is to be crushed endwise until the outside diameter is increased m 


* Snead’s Process. 


27 
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one zone by 25 per cent., or until one complete fold is formed. The speci- 
men shall stand this treatment without cracking. 

Whenever possible the selection of test specimens shall be made by heats. 

The specimens for the crushing te.sts shall have a length of 1*5 times the 
diameter of the tube. 

Dimensions and Tolerances. — 7 (a). The following tolerances will be 
allowed on the outside diameter of tubes 

Tubes under 1-5 inches (38-1 mm.) diameter, + 0-005 inch (0-13 mm.). 

Tubes over 1-5 inches (38-1 mm.) diameter, + 0-010 inch (0*25 mm.). 

(ft) The variation in wall thickness may be + 10 per cent, of the dimension 
specified. 

(c) In no part of any tube shall the departure from straightness exceed 
1 in GOO. 

Delivery, Packing, and Shipping. — 8. All tubes shall bo well oiled and 
delivered in boxes not exceeding 220 pounds (100 kg.) gross weight. 

(B) Specifications for Mild Carbon-Steel Tubes. 

Ceneral.— 1. The general .specifications ICl shall form, according to 
their apjilieability, a part of these specifications. 

Use. — 2. The.se tubes are suitable for all ])aits not heavily stressed, such 
as trailing edges and elevators. 

Material. — 3. The I.A.S.B. standard steel No. 1020 shall be used 
The composition is as follows. 

Carbon . . . . . .. 0-15 to 0-25 per cent. 

Mangane.se . . . . . . 0*30 to O-GO ,, 

Phosphorus (max.) . . . . . 0-045 ,, 

Sulphur (max.) . . . . . . 0-050 

Manufacture. — 4. The tubes are to bo of the cold-drawn, seamless 
type and are to be furnished annealed. 

Any tube may be rejected at any time because of injurious defects or 
faults in the steel which are revealed by manufacturing oiierations, not- 
withstanding the fact that it has previously pas.sed inspection. Such 
rejected material shall be returned to the manufacturer at the latter’s 
expense. This clause shall not apply to materials fabricated after cxpoit. 

Workmanship and Pindsh. — 5.- The tubes are to be smooth, of the 
section specified, and within the permissible tolerances as to wall thickne.ss 
of uniform diameter, free from scale, dirt, specks, longitudinal seaming, 
lamination, grooving, and blistering, both internally and externally. 

Phy.sical Propertie-s and Te.sts. — 6. The tubes shall have the follow- 
ing physical properties- 

Tensile Test. — ( a ) 

Minimum tensile strength, 60,000 pounds per square inch (42-18 

kg./mm.2). 

Minimum yield point, 36,000 pounds per square inch (25-31 kg./mm.^). 

Minimum elongation, 25 per cent, in 2 inches (50-8 mm.) or 10 per 
cent, in 8 inches (203-2 mm.). 
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Crushing Test. — (b) The test specimen shall be crushed endwise until 
the outside diameter is increased in one zone by 25 per cent., or until one 
complete fold is formed. The specimen shall stand this treatment without 
cracking. 

Selection op Test Specimens.' — 7. One test specimen for the tensile 
test shall be chosen from every 400 feet (121-9 m.) of tubing and one test 
specimen for the crushing test from every 100 feet (30-5 m.) of tubing. 

The specimens for the crushing tests shall have a length of 1-5 times the 
diameter of the tube. 

Whenever possible the selection of test specimens shall be made by heats. 

Dimensions and Tolerances. — 8. (a) The following tolerances will 

be allowed on the outside diameter of tubes 

Tubes under 1-5 inches (38-1 mm.) diameter, + 0-003 inch (0*08 mm.) * 
Tubes over 1-5 inches (38-1 mm.) diameter, ± 0-005 inch (0-13 mm.). 

The manufacturer and purchaser shall agree upon tolerances for coulis- 
sant or telescoping tubes. 

(b) The variation in wall thickness may be ± 10 per cent, of the dimen- 
sions specihed. 

(c) In no part of any tube shall the departure from straightness exceed 
1 in 600. 

Deliverv, Packing, and Shipping. — 9. All tubes shall be well oiled 
and delivered in boxes not exceeding 220 pounds (100 kg.) gross weight. 


Alloy Steel Tubes. 

Apart from the use of high carbon steel, it is now common 
to employ alloy steels such as low nickel (3 to 5 per cent.) and 
nickel-chrome steels. 

These steels require greater care in their manufacture and 
subsequent heat treatment; the tubes are produced by the 
“ plug ” drawing process, but the mandrils and dies wear out 
much more rapidly than in the case of carbon steels. Very 
careful annealing is also necessary. The amount of reduction 
in the gauge, or thickness, is only about one-half of that obtain- 
able in the case of mild steel. Nickel steel containing about , 
per cent, of nickel is much used in America for tubing 
In Table XCVIII. the results given are typical of the proper- 
ties of nickel steel tubes of different thicknesses. 

Wall Thickness and Strength. 

The results of these tests show that thin- walled tubes do not 
develop the maximum strength values of the material, when 
the wall thickness is less than 5 per cent, of the waU dfaineter. 
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TABLE XCVIII. 

Properties of 3^ per Cent. Nickel Steel Tubes. 


(A) Transverse Bending and Tensile Tests. 



Tran.wer.se Bending. 

Tension. 

Spec mien 

Fihte Stress at 

Maximum Fibre 

Fibre Stress at 

Maximum Fibre 

No. 

Flaslie Limit. 

Stress. 

Elastic Limit. 

Stress. 


Tons per Square 

Tons per Square 

Tons per Square 

Tons per Square 


Ineh. 

I nch. 

1 nch. 

Inch. 

1 

20-6 

30-5 

25-7 

37-2 

2 

30-H 

55*<) 

30*5 

46-0 

3 

38-3 

57-2 

35-0 

44-1) 

4 

34*8 

50-8 

34-2 

52-1 

5 A 

42-1 

62-3 

33-8 

52*4 


(B) Tghsion Test. 


Specimen 

No. 

Tube 

Diameter. 

Inches. 

Thickness 
of Walls. 
Inches. 

Fibre Stress 
at 

Elastic Limit. 

Tons per 
Square Inch. 

Maximum 
Fibre Stress. 

Tons per 
Square Inch. 

Modal us 
of Rigidity. 

Tons per 
Square Inch. 

1 

M80 

0-022 


17-3 

4420 

2 

1-180 

0-040 

17-5 

23-0 

5180 

3 

M82 

0-00 1 

18-3 

27-3 

5230 

4 

M84 

0-070 

22-2 

33-0 

4910 

5a 

1-185 

0-090 

19-4 

33-8 

5310 • 


Thin-walled tubes, which should from purely theoretical con- 
siderations give the maximum strength for weight, are not 
practically feasible, owing to the preceding effects, and to the 
fact that they are liable to local deformation or buckling, 
and that the relative effect of corrosion or rusting is much 
. greater. 

Thm-walled struts* and beams invariably fail by local 
buckling or secondary flexure, at a lower value of the break- 
ing stress than for the solid material or for thicker tubes. 

Nickel-Chrome Steel Tubes. 

The manufacturing difficulties are much greater in the case 
of these tubes, and the annealing and heat treatment require ' 
special care. 


♦ Also vide p. 59. 
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Nickel-chrome steel tubes are employed in aircraft work 
for undercarriage axles and struts, rudder posts, and similar 
parts. 

The following is a typical analysis* of a nickel-chrome steel 
tube. 


Carbon 

. . 0-30 per cent. 

Silicon 

. 0-lG 

Sulphur 

0-03 

Phosphorus 

0-03 

Manganese 

. . 0-45 

Nickel 

.. MO 

Chroiniuni 

. . 4-00 


The tensile strength of this material in the amu'aled state 
is about 45 tons per square inch, with about 15 per cent, 
elongation in 2 inches; in the air-hardened state the edastic 
limit is about 70 tons per square inch, and the tensile strength 
from 90 to 100 tons per square inch, with from 8 to 5 per cemt. 
elongation in 2 inches. It is stated that it is inadvisable to 
use sulphuric or muriatic acids for cleaning the scale oh 
hardened tubes, as it makes the material brittle. 

Crushing Test. 

It is usual to specify a crushing test upon annealed high 
tensile tubing, namely, that a section of the tubing of length 
equal to IJ times the outside diameter shall withstand crush- 
ing endwise until its length is one-half of the initial length, 
without exhibiting cracks or splits on the outside surface. 

Tolerances. 

High tensile steel tubes should be straight to within 1 ])art 
in 600. 

It is usual to specify the outside diameter limits to be 
within ±0-005 inch, whilst the thickness should not be greater 
than the nominal value by more than 10 per cent., or b(‘low 
by less than 5 per cent. 

International Aircraft Standard Specifications. 

Specification for Alloy Steel Tubes. 

General. — 1.’ The general specifications IGl shall form, according to 
their applicability, a part of these specifications. 

* Messrs. Accles and Pollock, Oldbury. 
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Use. — 2. These tubes are suitable for axles and parts subject to shock. 

Material. — 3. The material for these tubes shall be chosen from the 
I.A.S.B. standard steels listed below. The composition chosen shall be 
stated by the manufacturer and is further limited as follows- Carbon, not 
over 0*35 per cent. 

Manufacture. — 4. (a) The tubes are to be of the cold-drawn, seamless 

type. To avoid overhardening after annealing the tube wall shall not be 
reduced more than 20 per cent, in thickness in the final passes. 

Heat Treatment. — (h) The tubes shall be heat-treated to temper 
1 or 2 as ordered. The quenching is to be done in oil. 

(c) Any tube may be rejected at any time because of injurious defects 
or faults in the steel which are revealed by manufacturing operations, not- 
withstanding the fact that it has previously passed inspection. Such 
rejected material shall be returned to the manufacturer at the latter’s 
expense. This clause shall not apply to materials fabricated after export. 

Workmanship and Finish. — 5. The tubes are to be smooth, of the 
section specified, and within the permissible tolerances as to wall thickness 
of uniform diameter, free from scale, dirt, specks, longitudinal seaming, 
lamination, grooving, and blistering, both internally and externally. 

Physical Properties and Tests. — 0. The tubes shall have the follow- 
ing physical properties. 

Tensile Test. — (a). 

Temper I. 

Minimum tensile strength, 110,000 pounds per square inch (77*33 
kg./mm.2). 

Minimum yield point, 00,000 pounds per square inch { 03-27 kg./mm.“). 

Minimum elongation, 15 per cent, in 2 inches (50*8 mm.) or 5 per cent, 
m 8 inches (203*2 ram.). 


Temper II. 

Minimum ultimate strength, 85,000 pounds per square inch (50*70 
kg-Zram.*-^). 

Minimum yield point, 00,000 pounds per square inch (42-18 kg./mm.-). 

Minimum elongation; 25 per cent, in 2 inches (50-8 mm.) or 10 per cent, 
in 8 inches (203*2 mm.). 

Crushing Test. — (6) The tc.st specimen shall be crushed endwise until 
the outside diameter is increased in one zone by 25 per cent., or until one 
complete fold is formed. The specimen must stand this treatment without 
cracking. 

Selection of Test Specimens.— 7. One test specimen for the tensile 
test shall be chosen from every 400 feet (121*9 m.) of tubing and one test 
specimen for the crushing test from every 100 feet (30*5 m.) of tubing. 

The specimens for the crushing tests shall have a length of 1*5 times the 
diameter of the tube. 

Whenever possible the selection of teat specimens shall be made by heats. 

Dimensions and Tolerances. — 8. (a) The following tolerances will 

be allowed on the outside diameter of tubes : 
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Tubes under 1*5 inches (38*1 mm.) diameter, + 0*003 inch (0*08 mm.). 

Tubes over T5 inches (38*1 mm.) diameter, + 0*005 inch (0*13 mm.). 

The manufacturer and purchaser shall agree upon tolerances for coulis- 
sant or telescoping tubes. 

(&) The variation in wall thickness may be + 10 per cent, of the dimen- 
sions specified. 

(c) In no part of any tube shall the departure from straightness exceed 
1 in 600. 

Delivery, Pac king, and Shipping. — 0. All tubes shall be well oiled 
and delivered m boxes not exceeding 220 pounds (100 kg.) gross weight. 

When electric or crucible furnace steel is specified in the order, the 
maximum allowable percentages of iihosphorus and sulphur may, at the 
option of the purchaser, be limited to 0*03 per cent. 


TABLE XOIX. 

Chemical Composition of Standard Alloy Steels. 
Nickel Steels. 


No. 1 

Carbon, j 

Manganese.] 

i 1 

Phos- 

phorus 

{max.). 

Sulphur 

{max.). 

Nickel 

Chromium. 

2320 

0*15 to 0*25 

^0*30 to 0*60 

0*040 

0*045 

3*25 to 3*75 


2325 

0*20 to 0*30 0*50 to 0*80 

0*040 

0*045 

3*25 to 3*75 

— 

2330 

0*25 to 0*35j0*50 to 0*80 

0*040 

0*045 

3*25 to 3*75 

. 


Chromium- Vanadium Steels. 


No. 

Carbon. 

Manganese. 

Phos- 

phorus 

{max.). 

Sulphur 

{max.). 

Chromium. 

y ana dim n 
{min.). 

6120 

0*15 to 0*25 

0*30 to 0*60 

0*040 

0*045 

0*60 to 0*90 

0*15 

6130 

0*25 to 0*35 

0*50 to 0*80 

0*040 

0*045 

0*80 to MO 

0*15 


' Facts Concerning the Strength of Steel Tubing. 

The properties of steel tubing under alternating stress con-* 
ditions can be investigated by means of a machine resembling 
the Wohler type,* whilst for shock tests the falling weight 
impact type of machine is convenient. 

The results of a series of testsf made upon steel tubing 
and tube sockets and liners may be briefly enumerated as 
follows : 


Soo Fig. 104, p. 212. 


t Footnote, p. 411. 
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1. The effect of drilling a 

alternately — :thl --d to 

siderably weaken the tube t 

have from 10 to 20 Umes the hte ^ 

drilling IS necessary, ^ „j„,h 

with a liner or sleeve. Hard g 

„ore marked extent than annealed tnbm.^^ 

2. Lugs intended for connec i o sleeve 

brackets, fittings, or other mem ) , ^s 

or liner type, should be tapered off towa rds 

Inside 

A 

l/ner 
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distance of 12-75 inches from the grips, which was equivalent 
to a stress of about 25 tons per square inch. 

Tapering in thickness, as distinct from tapering in diameter, 
has been shown to be both economical and beneficial. An 
instance of this is in the case of motor-cycle front-forks, 
which, when made from 19 S.W.O. tubing, invariably broke 
off where they were brazed to the crown. Increasing the 
thickness to 18 and 17 S.W.G. respectively, failed to prevent 
these breakages. When, however, tubes tapering from 
19 S.W.G. at the crown to 22 S.W.G. at the bottom ends 
were employed, the trouble was completely overcome; the 
increased resilience no doubt accounted for this effect. 

4. Tubular liners should preh-rably be soft soldered in 
place, and should not be of too great a thickness compared 
with that of the tube that they are intended to reinforce. 
Liners tapering down to a minimum thickness at their outer 
ends arc more satisfactory than parallel liners. Tapered 
sleeves are equally satisfactory; in both cases the outer end 
thickness should be less than that of the tube itself. Sleeves 
or liners which are merely pressed into position are not satis- 
factory; soldering or brazing should be resorted to in every 
case. Tests made upon similar 1 inch by 20 S.W.G. tubes — ■ 
[a) drilled, but without a sleeve; (b) drilled, but with a sleeve 
pressed on ; and (c) drilled, but with a similar sleeve soldered 
on, the sleeves in each case being 2J inches long by 18 S.W.G., 
and placed over the holes —gave the following results : 

{(i) JMam drilled tube . . . . 3084 revolutiouH before fracture. 

(6) Oulled tube, with pressed sleeve 9,320 ,, 

(c) Pulled tube, with soldered .sleeve 48,687 ,, ,, 

5. Where sockets are employed, the tube should be either, 
brazed or pinned and soldered.* The results of tests upon 
soldered joints show that there should be about 0-005 inch 
clearance between the tube and socket diameters, as a maxi- 
mum value, and that smaller clearances give as good results. 
The shearing stress of a good soldered joint may be taken 
as being about 2h tons per superficial inch. With a soldered 

* Soft and silver-soldered tubular joints are much used in aircraft work. 
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socket joint it is an easy matter to make the tensile strength 
of the joint at least equal to that of the tube. 

6. For tubular members under stress soft soldering is 
recommended in preference to brazing or welding, as the 
temperatures of the process are low enough not to affect the 
hardness of the metal, especially in the case of alloy and hard 
drawn steel tubes. 

Hard soldering, or silver soldering, gives a stronger joint, 
and the temperature of the operation is lower than for brazing, 
but much higher than for soft soldering. Brazing is not re- 
commended for tubular structures which have to take stresses, 
or for medium thicknesses of tubes. It is, however, applicable 
to tubes of appreciable wall-thickness which have to take 
torsional stresses through the joint. Cardan shafts are often 
built up of a long tube, with, the universal joint pin sockets 
brazed in each end, and to the author’s knowledge have given 
every satisfaction. Brazing, however, is not recommended 
for aircraft work, generally speaking. 

Welding is oven less to be recommended for any members 
upon automobiles or aircraft in which stresses are trans- 
mitted through the joints; welded tubular work is employed 
to some extent in the case of strut sockets in which the function 
of the weld is merely to hold the tubular position in sUn, 
and only to take light stresses. All welded work, which in 
aircraft practice is of a ‘‘locative” nature, should be annealed 
subsequent to welding. 

Fig. 180 shows in section a tubular bicycle-frame made by 
Messrs. Accles and Pollock; the various lugs, tapered tubes, 
and fittings shown serve to illustrate the points previously 
mentioned. 

Section Tubing. 

Most of the foregoing remarks have been confined to cir- 
cular tubing, but by far the greater quantity of tubing em- 
ployed in aircraft work is of the sectional form. 

Section tubing is made from seamless circular tubing by 
three different processes, namely, by drawing, rolling, and 
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pressing; when made by the latter process, only short lengths 
can be dealt with. In the drawing process there is a slight 
reduction in the periphery from the round to the sectional 
shape, but in the rolling or pressing processes it remains 
unaltered. 




'1 
I 

A 

i 

1 

‘ Fig. 181. — Section Tubing used in Aircuaft Construction. 

The section of tubing, made from round tubing, should 
be so designed that there is no straight portion or sides any- 
where, that is to say, the whole contour should be everywhere 
curved; this reduces the difficulty of manufacture. Section 
tubing, especially of the “ streamline ” form, is often made 
from flat strips, bent over a former, and seam- welded at 
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the junction of the edges, as shown in Fig. 182. This 
diagram* also shows some typical sections and reinforced 
tubes employed in aircraft and automobile work. 

The diagrams shown in Fig. 181 refer to aircraft section 
tubing, the streamline shapes shown in sections 125, 210, and 



Fig. 181 a. — Showing Reinforced Tube Sections. 


202 being suitable for exposed members under strut action. 

Sections 121, 238, and 239 are suitable for the leading and 
trailing edges of wings and control surfaces. 

The standard aircraft sections adopted for many purposes 
in this country are similar to that shown in section 1005, and 
the principal sizes and dimensions employed are given in 
the following table : 

* Messrs. Accles and Pollock’s sections. 
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TABLE C. 

Dimensions of Aircraft Elliptic Tubes. 


Section No. 

1001 

1002 

1003 

1004 

1005 1006 

1007 

1008 

1009 

1010 

Dimensions A 

0*500 

0*625 

0*760 

1*000 

1*250 1*500; 

1*750 

2*000 

2*250 

2*500 

Dimensions B 
Equivalent 
Circular 

0*245 

0*250 

0*300 

0*400 

0*500 0*600 

1 

1 1 

0*700 

0*800 

0*900 

1*000 

Diameter 


u 

in 

1 

in i H 

1 iV 


li] 1 

U 


Note . — All dimensions arc given in inehes. 






Fig. 182. — Built-ui* Section Tubing 


A series of telescopic sections is also employed for use as 
liners and sockets with most of the above sizes of tubes. 


Hollow Bars. 

Bars of any section can now be made having a circular 
hole of any diameter right through ; the expense and difficulties 
in the way of drilling long lengths of bar or rod are thus 
avoided. 

It is now possible to produce a f-inch diameter bar with a 
J-inch hole through it in lengths up to 15 feet. 



Weights of Cold 
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The process* consists in taking a bloom, or billet, of a length 
varying from 12 to 20 inches, and drilling through it a hole 
of such a size that it will subsequently roll down to the re- 
quired size. The hole is then tightly packed with a material 
of special composition, and the ends of the hole are plugged. 
The billet is then heated and rolled in a rolling mill until the 
external dimensions of the desired amount are obtained. 
In order to remove the core, or packing material, hydraulic 
pressure is applied when the plugs are removed. The 
process may be employed for most kinds of steel and for any 
bar section, such as square, hexagonal (for making nuts), or 
octagonal, and the location or centrality of the hole is sufii- 
ciently accurate for most purposes. 

Flexible Metallic Tubing. 

Metallic tubing, which is gas, oil, and petrol tight, can be 
made in iron, steel, copper, brass, and other metals in such 
a manner that it is as flexible as an india-rubber hose-pipe 
of the same size. 

The advantages of this tubing over rubber tubing are that 
it can be made ever so much stronger, it will withstand the 
action of oil, gas, and other influences, and is more permanent. 

It can be produced in diameters up to 8 inches, and will 
withstand steam pressures up to 300 pounds per square inch 
satisfactorily, and gas or hydraulic pressures up to 3000 pounds 
per square inch.f 

This tubing, which is employed for petrol and gas engine 
exhaust pipes, and upon motor cars and cycles, aircraft engines, 
etc., successfully withstands the corrosive action, heat, and 
pressures of the exhaust gases. 

Manufacture. 

The tubing is made up of a series of interlocked spiral 
ribbons of metal, which are in their turn made from thin strips 
of the metal. Each strip is passed through a graduated set 

* Messrs. Dunford and Elliott, Sheffield. 

t Pressures up to 6000 pounds per square inch have been need for .test 
purposes. 
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of rolls, having the desired profile to be imparted to the strip ; 
these profiles vary according to the purpose of the tubing. 

The type of flexible tubing* illustrated in Pig. 183, and which 
is widely employed for internal pressure purposes, is made up of 
a series of spiral ribbons each having the double-hook form of 
section shown ; the consecutive ribbons are wound upon each 
other, in turn, on a mandril, so that each one grips the preceding 
one. The circular cavity, wliich is provided at the flat extremity 



A 



Fig. 183 .— Section of Flexible Tubing. 


of the interior hook, is filled either with rubber or asbestos, 
which is wound on, along with the corrugated metal ribbon, 
in the form of a thread or string. 

The degree of flexibility of the finished tubing depends 
mainly on the amount of play possible between each succes- > 
sive strand, and as there is a limit to this amount, the succes- 
sive metal strips become rigid after a certain degree of bending ; 
in this manner the buckling or kinking which occurs with 
solid tubes is avoided. 

The diameter of the smallest circle into which a flexible 
metallic tube can be bent is about 16 times the diameter of 

* Manufactured by the United Flexible Metallic Tubing Co., London. 

I. 28 
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the tube itself for pipes of from J to 2 inches diameter, and 
about 10 times for 10-inch pipes. 

The material employed for the strongest metallic tubings 
is galvanized, nickeled, or metal-coated Swedish iron or low 
carbon steel. 

For water and gas joints rubber packing between the metal 
strips is usually employed, except in the case of copper 
tubing, in which the rubber is speedily attacked. 

For oil, petrol, steam, and exhaust gases it is usual to 
employ asbestos packing. 




Fig. 184. — Low Pkessuke Flexible Tubing Connexions. 


Method of Making Joints and Connexions. 

For ordinary low-pressure gases, such as domestic illumina- 
ting gas, connexions between tubes or fittings can be made by 
means of a simple moulded rubber tube, which slips over the 
parts to be joined. 

A more permanent metal joint for gas is shown in Fig. 184, 
and simply consists of male and female milled screws, which 
can be pushed over the flexible tubing, with packing in between, 
and screwed up by hand. 

A large variety of designs of connexions are employed for 
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flexible metallic tubing, including complicated screwed gun- 
metal high-pressure flanged couplings, ordinary hexagonal 
unions, hose-pipe connexions, etc. 

In cases where high pressures occur, a special nut is pro- 
vided for anchoring one of the connexion members, which 



Fio. 185 . — High-Pressure Flexihle Tubing Connexions. 

screws directly on to the flexible tubing itself, as shown in 
Fig. 185. 

For low gas pressure work coned fittings are employed with 
white-lead and asbestos packing? 

Applications. 

In aeronautical work flexible metallic tubing of the zinc, 
coated iron or steel class is employed for oil pipes, from the oil 
lank to the engine, for exhaust pipes,* and for speaking-tubes 
for it has been found that the spiral grooves inside the tubing 
are not detrimental to the travel of sound waves. It has also 
been employed for air-ducts to carburettors, etc. 

Incidentally it may be mentioned that flexible metallic ' 
tubing is employed for petroleum pipe lines, steam connexions 
between railway carriages, for hot climatic conditions where 
rubber would rapidly perish, for salvage pumps, compressed 
air lines for pneumatic tools and rock drills, fire-engine pumps, 
and in numerous other instances. 

* The expense and difficulties of oomplox bends in solid tubing are thus 
avoided. 


Steel and Iron Wire. 

Wire is made by the repeated process of drawing a rod of 
the material through a series of hard steel dies; for example, 
a steel rod of J-inch diameter (or about 3S.W.G.) can be drawn 
through tungsten steel dies so that it is reduced by about one 
gauge (S.W.G.) number at each draw, until its final diameter 
is about 0-040 inch (or 19 S.W.G.)* 

Hardening due to Drawing. 

During the process of drawing the material becomes pro- 
gressively harder and less ductile; for example, the tensile 
strength of a certain steel wire of 0‘126 inch (about 10 S.W.G.) 
was found to be 88 tons per square inch with 2 per cent, ex- 
tension, whilst that of the same material wire of 0-040 inch 
(19 S.W.G.) was 125 tons per square inch with only 0*3 per 
cent, extension. 

The torsional strengths of the two wires were such that the 
thicker wire required 13*3 complete twists to break it, for a 
length of 5 inches, whilst the thinner wire required 35-6 twists 
in the same length. 

Fig. 186 shows how the tensile strength of plough steel 
aircraft wire varies with the amount of drawing — that is, 
with the gauge or diameter of wire. 

The same diagram also shows the number of complete twists 
required to break wires of different diameters, and the number 
of bends, * through angles of 90"^, which the wires will withstand 
before fracturing. 

Microscopical examination^ of the internal structure of 
drawn steel wire has shown that it is desirable to obtain both 
pearlite and sorbite, and that the more sorbite present the 
tougher and stronger will be the wire; in attempting to obtain 
the maximum of sorbite there is, however, a risk of obtaining 
martensite and troosite, which tend to cause the wire to fracture 
during the drawing process. 

* For particulars of wire bending tests, see p. 441. 

t Vide p. 147, “The Microscopic Examination of Metals,” F. Osmond 
and J. E. Stead. 
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Too rapid chilling after leaving the patenting furnace will 
promote the formation of sorbite and martensite; another 
cause of the presence of the latter constituents is that due to 



the frictional heat, during service or drawing, which causes 
the surface layers to be moinentarily heated to redness, usually 
followed by a chilling effect, which leaves the surface layers 


OiAM^TgR OF rtlfig 


438 AIRCRAFT AND AUTOMOBILE MATERIALS 

in the martensitic condition, and causes the wire to break when 
bent. 

The failure of wire ropes is often due to this cause. 

Another source of failure is that due to the use of badly 
designed pulleys, in which the surface of the crown wires spreads 
out, with the result that the surface layers become brittle and 
fracture; this fracture travels progressively through the other 
wires. 

Many other interesting features connected witli the structure 
of wires can be detected with the aid of the microscope. 


Piano or Music Wire. 

This wire is usually made from a medium carbon steel in 
sizes varying from about 16 8.W.G. (0-064 inch) up to about 
28 8.W.G. (0-0148 inch). 

The following is a typical analysis of the steel used: 


Carbon 

Silicon 

hjulphur 

J^hosphonis 

Manganese 


0-60 per cent. 
0*00 
0«02 
0-02 
0-4.3 


The tensile strength of this wire varies from 100 to 160 tons 
per square inch for the above-mentioned sizes. 


Plough Steel Wire. 

Wire made from a crucible cast steel of high quality usually 
goes by the name of “ plough steel ” wire; this wire, which is 
made in all gauges from about 10 S.W.G. (0-128 inch) up to 
28 S.W.G. (0*0148 inch) is used for aircraft bracing wires, for 
flexible and stranded wire cables, and similar purposes. 

The following is a typical analysis of plough steel wire : 


Carbon 

Manganese 

Silicon 

Sulphur 

Phosphorus 

Copper 


0-85 per cent. 
0-60 
0-14 
0-01 
nil 

0-03 per cent. 


The tensile strength of this wire varies from about 00 to 160 
tons pef square inch. 
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It is usually made in different qualities, or grades, according 
to the purpose for which it is required. 

The following table shows a typical method of grading 
plough steel wire : 

TABLE OIL 

Grades of Plough Steel Wire. 


Grade. 


A 

B 

(! 

1 ) 

E 

F 

G 


Tensile Strength j 
Tons per Square Inch. 


Average Elongation 
per Cent. 


140 to 160 
130 to 140 
120 to 1.30 
110 to 120 

100 to no 
00 to 100 
80 to 00 


0- 4 

1 - 2 
2-0 
2-8 

3- 6 

4- 4 

5- 2 


The grades most used in aircraft work are D and E. It 
is usual to galvanize or electro-plate with nickel these wires. 
Table Cl 11. gives the strength and weight of plough steel 
wires, as used in aeroplanes, and for rigid airship bracing 
work. The strengths are given for (a) a constant tensile 
strength of 100 tons per square inch, and (6) tensile strengths 
varying from 80 tons per square inch for 8 8.W.G. wire up to 
140 tons per square inch for 30 8.W.G. wire; the latter values 
are approximately those obtained in wire drawing. 

Fine Wires. 

Wires of small diameter of carbon or alloy steel of from 
0-040 down to 0-002 inch diameter are made by drawing 
through bort diamond dies, whilst copper wires are usually 
drawn through chilled cast iron dies in steps of about 1 S.W.G. 
at a time. 

Alloy Steel Wires. 

Alloy steels can bo used for wire-drawing, but are not em- 
ployed to any great extent, as thb same results can usually 
be obtained with carbon steel wires. 

Non-corrodible steel wire containing from 25 to 30 per cent, 
of nickel, and from 0-30 to 0-45 per cent, of carbon, is used for 
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TABLE cm. 

Sizes, Weights, and Strengths of Plough Steel 
Wire. 



Diameter. 

Sectional 

Area 

Square 

Inch. 

I Weight in 

1 Founds. 

1 1 

Breaking Load in 
Pounds. 

S. W.G. 

I miles. 

MM. 

100 

Yards. 

i 

1 

Mile. 

At 100 ! 
Tons pel 
Square 
^nch. 

At T'ons 
per 

Square 

Inch. 

Lbs. 

7/0 

0-500 

12-7 

0-1963 

193-4 

3404 

43,975 



6/0 

0-464 

11-8 

0-1691 

166-5 

2930 

37,854 

__ 



5/0 

0-432 

11-0 

0-1466 

144-4 

2541 

32,820 

— 



4/0 

0-400 

10-2 

0-1257 

123-8 

2179 

28,144 

— 



3/0 

0-372 

9-4 

0-1087 

107-1 

1885 

24,350 

— 



2/0 

0-348 

8-8 

0-0951 

93-7 

1649 

21,300 

— 



0 

0-324 

8-2 

0-0824 

81-2 

1429 

18,464 

— 



1 

0-300 

7-6 

0-0707 

69-6 

1225 

15,830 

— 

— 

2 

0-276 

V -0 

0-0598 

58-9 

1037 

13,400 

— 

— 

3 

0-252 

6-4 

0-0499 

49-1 

864 

11,170 

— 

, — 

4 

0-232 

5-9 

! 0-0423 

41-6 

732 

9470 

60 

5680 

5 

0-212 

5-4 

0-0353 

34-8 

612 

7900 

65 

5140 

6 

0-192 

4-9 

0-0290 

28-5 

502 

6490 

70 

4550 

7 

0-176 

4-5 

0-0243 

24-0 

422 

5450 

75 

4180 

8 

0-160 1 

I 4-1 

0-0201 

19-8 

348 

4500 

80 

3600 

0 

0-144 

! 3-7 

0-0163 

16-0 

282 

3650 

85 

3100 

10 

0-128 ! 

3-3 

0-0129 

12-7 

223 

2880 

90 

2590 

12 

0-104 

2-6 

0-0085 

8-4 

148 

1!>00 

95 

1800 

14 

0-080 1 

2-0 

0-0050 

5-0 

88 

1130 

100 

1130 

16 

0-064 

1-6 

0-0032 

3-2 

56 

720 

105 

756 

18 

0-048 

1-2 

0-0018 

1-8 

32 

406 

no 

446 

20 

0-036 

0-9 

0-0010 

1-0 

18 

228 

115 

262 

22 

0-028 

0-7 

0-000615 

0-610 

10-7 

138 1 

120 

166 

24 

0-022 

0-56 

0-000380 

0-375 

6-6 

85-5 

125 

107 

26 

0-018 

0-46 

; 0-000250 

0.250 

4-4 

57-0 

130 

74 

28 

0-0148 

0-37 

i 0-000172 

0-168 

3-0 

38-6 

135 

52 

30 

0-0124 

0-31 

10-000121 

0-119 

2-1 

27-2 

140 

38 


hawsers, cables, and netting for sea-water use. The tensile 
strength of 12 S.W.G. (about inch) nickel-steel wire is about 
90 tons per square inch, with an elongation of 6 per cent, in 
2 inches, and an area contraction of 16 per cent. 


International Aircraft Standard Specifications. 

l. ROUND HKJH STREN(iTH STEEL WIRE. 

This specification covers solid high strength steel wire, round section, 
used in the consctruction of aircraft when flexibility is of minor importance. 

Workmanship and Finish. — The wire shall be cylindrical and smooth 
and may show no evidence of scrapes, splints, cold shuts, rough tinning, or 
other defects not in accordance with best commercial practice. 



COMMEECIAL FOEMS OF FEEEOUS MATEEIALS 441 

Physical Properties and Tests — Tensile Test . — Samples for the tensile 
test shalLbe not less than 15 inches long and free from bends and kinks. 
In making tensile tests on aircraft wire, the distance between jaws of testing 
machine, with the sample in place and before test, shall be 10 inches. The 
wire must not break at less than the amount specified in the attached table, 
which is a part of this specification. 

Torsion Test . — Samples for the torsion test shall be straight, and not less 
than 10 inches long. The sample shall be gripped by two vices 8 inches apart ; 
one vice shall be turned uniformly at a sjieed not exceeding 60 revolutions 
per minute (on the larger sizes of wire this speed shall be reduced sufficiently 
to avoid undue heating of the wire). One vice shall have free axial move- 
ment in either direction. All wire shall be required to withstand the mini- 



mum number of complete turns shown in the attached table, and which arc 
calculated from the relation Number of turns to be agreed upon between 
X)urchaser and manufacturer. 

Bend Test . — Samples for bend test shall be straight and not less than 
10 inches long. One end of the sample shall be clamped between jaws* 
having their upper edges rounded with 3 /16 (0*188) inch radius. The free end 
of the wire shall bo held loosely between guides and bent 90 degrees over one 
jaw ; this is to bo counted as one bond. On raising to a vertical position the 
count will bo two bends. Wire shall then be bent to the other side, and 
so forth, alternating to fracture. The minimum number of bends required 
is stated in the attached table. 

If raffing Te‘^t. — A wrapping test is to be made on at least 10 per cent, of the 
total number of coils offered for inspection at one time. The wire is wrapped 

* Yide Fig. 186 a, 
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around its own diameter eight consecutive turns with a pitch substantially 
equal to the diameter of the wire and then unwrapped, maintaining the free 
end at approximately 90 degrees with the mandril. It must stand this test 
without fracture. Because of the possibility of personal error in making 
this test, failure on one test is not considered conclusive, and if required 
to do«o the inspector shall make at least one, but no more than two, addi- 
tional tests on the sample of wire. If any of these tests are successful, the 
material shall be passed as satisfactory in this respect. 

Selection of Test Spec imen. — A tensile, a torsion and a bend test shall 
bo made on each end of each piece or coil of wire. When an individual coil of 
wire is to bo divided into smaller coils to meet special requirements, it is 
sufficient to make one test on the original coil and to cut and seal the small 
coils in the presence of the inspector. 

Dimensions and Toler\nc'E.— All wire for this purpose shall bo furnished 
in decimal sizes corresponding to the American Wire Gauge (Brown and 
Sharpe gauge). 

A permissible variation of 0*002 inch above gauge on all sizes will be 
accepted, but no wire will be accejitcd having a variation of more than 
0*0005 inch below gauge. 

Table for Round High Strength Steel Wire. 


American 

Wire 

Gauge. 

Diameter 
in Inches. 

W eight 
in Poundii 
per 100 Feet. 

! Number 
of Jiends 
through 

90 Degrees. 

' Breaking 

1 IStrength, 

' Minimum 
Pounds. 

Tensile 
j Strength 
in Pounds 
per Square 
Inch. 

6 

0*162 

7*01 

5 

4,500 

219,000 

7 

0*144 

5*56 

6 

3,700 

229,000 

8 

0*129 

4*40 

8 

3,000 

233,000 

9 

0*114 

3*50 

9 

2,500 

244,000 

10 

0*102 

2*77 

. 11 

2,000 

244,000 

11 

0*091 

2*20 

14 

1,620 

254,000 

12 

0*081 

1*744 

! 17 

1,300 

522,000 

13 

0*072 

1*383 i 

21 

' 1,040 

255,000 

14 

0*064 

1*097 1 

25 

, 830 

258,300 

15 

0*057 

0*870 ! 

2<) 

i 660 

259,000 

16 

0*051 

0*690 

34 

1 540 

264,000 

17 

0*045 

0*547 , 

42 

; 425 

267,000 

18 

0*040 

0*434 1 

52 

340 i 

270,000 

19 

0*036 

0*344 

70 

280 

275,000 

20 

0*032 

0*273 

85 

225 

280,000 

21 

0*028 

0*216 1 

105 

175 

284,000 


2. SPECIFICATIONS FOR HIGH STRENGTH STEEL WIRE. 

General. — 1. The general specifications, IGl, shall form, according to 
their applicability, a part of these specifications. 

Material. — 2. The wire shall be manufactured of either I.A.S.B. stan- 
dard steel No. 1065, No. 1070, or No. 1080, the compositions of which are 
listed below. 
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Manufacture.— 3. Tho steel used shall be manufactured by the acid 
open-hearth process. Every reasonable precaution shall be taken to keep 
different heats carefully separated and identified throughout the rolling 
and drawing of the wire and to the final stage of inspection and shipment . 

It shall be uniformly coated with pure tin, to solder readily. 

Workmanship and Finish.— 4. The wire shall be cylindrical and 
smooth and may show no evidence of scrapes, splints, cold shuts, rough 
tinning, or other defects not in accordance with best commercial practice. 

Physical Properties and Tests— T enAi/e Te.st.— 5. (a) Samples for 
the tensile test shall not be less than 15 inches (381 mm.) long and free 
from bends and kinks. In making tensile tests on aircraft wire, the 
distance between jaws of testing machine, with the sample m place and 
before test, shall be lO inches (254 mm.). The wire must not break at 
less than the amount specified in the attached table, which is a part of this 
specification. 

Torsion Test. - (6) Samples for the torsion test shall bo straight and not 
less than 10 inches (254 mm.) long. The sample shall be gripped by two 
vices 8 inches (203*2 mm.) apart; one vice shall be turned unifoimly at a 
speed not exceeding GO revolutions per minute (on tho larger sizes of wire 
this speed shall be reduced siifhciently to avoid undue heating of the wire). 
One vice shall have free axial movement in either direction. All wire shall 
bo reipiired to withstand the minimum number of complete turns shown in 
tho attached table, and which are calculated from the relation 


Number of turns^ 


2^7 ^ G8di 

diameter in inches diameter in millimetres 


Bend Test, — (c) Samples for bend test shall be straight and not less 
than 10 inches (254 mm.) long. One end of the sample shall be clamped 
between jaws having their upper edges rounded with 3/16 (0*188) inch 
(4*76 ram.) radius. The free end of the wire shall be held loosely between 
two guides and bent 90 degrees over one jaw ; this is to be counted as one bend. 
On raising to a vertical position tho count will be two bends. Wire shall 
then be bent to tho other side, and so forth, alternating to fracture. The 
minimum number of bends reipiired is stated in the attached table. 

Wrappituj Test.—{d) A wrapping test is to be made on at least 10 per 
cent of the total number of coils offered for inspection at one time. The 
wire IS wra^ijicd aroiiml its own diameter eight consecutive turns with 
pitch substantially equal to the diameter of the wire and then unwrapjied, 
maintaining the free end at approximately 90 degrees with the mandril.* 
It must stand this test without fracture. Because of the possibility of 
personal error in making this test, failure on one test is not considered 
conclusive, and if required to do so the inspector shall make at least one, 
but no more than two, additional tests on the sample of wire. If any of 
these te.sts are successful, the material shall be passed as satisfactory in 
this respect. 

Selection of Test Specimen. — 6. A tensile, a torsion, and a bend test 
shall bo mads on each end of each piece of coil or wire. When an individual 
coil of wire is to be divided into smaller coils to meet special requirements, 
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it is sufficient to make one test on the original coil and to cut and seal the 
small coils in the presence of the inspector. 

Dimensions and Tolerances. — 7. (a) All wire for this purpose shall 

bo furnished in decimal sizes corresponding to the American Wire Cauge 
(Brown and Sharpe gauge). 

(h) A permissible variation of 0*002 inch (0*051 mm.) above gauge on 
all sizes will be accepted, but no wire will be aceepted having a variation 
of more than 0*(X)05 inch (0*013 mm.) below gauge. 

Deliverv, Packing, and Siiirping.— 8 . (a) Wire covered by this 

spccilication shall bo shipped in coils or bundles wrapped_]^elo8ely with a 
layer of plain strong paper in strips no less than 3 inches (76*2 mm.) wide 
and then covered with another wrapping of waterproof paper of an approved 
quality. 


3. SPECIFICATIONS FOR CLEVELAND STEEL SERVICE OR 
LOCKINO WIRE. 

(General. — 1. The general specifications, 1(111, shall form, according 
to their applicability, a part of these specifications. 

Use. — 2. This wire shall be used for locking nuts and turiibuckles. 

Material. — 3. The wire shall be manufactured of either I.A.S.B. 
standard steel No. 1015 or No. 1020. 

Manufacture. — 4. The wire shall be furnished in the soft-annealed 
condition, and shall be evenly and smoothly galvanized. 

Workmanship and Finish. — 5. The wire shall be cylindrical and smooth 
and must show no evidence of scrapes, splits, cold shuts, rough, or other 
defects. 

PiiY.SK’AL Properties and Tests.— 6 . The tensile strength must not 
exceed 75,(X)0 jiounds per square inch (52*7 kg. square mm.). 

Selection of Test Specimens. — 7. When the wire is being unreeled to 
form small coils for shipment, specimens may be taken from tlie first, last, 
and any intermediate coil in the presence of an inspector who shall seal 
the small coils. Otherwise specimens shall be taken from 10 per cent, of 
the cods for each size. 

Dimensions and Tolerances. — 8. (a) All wire for this purpose shall 

be furnished in decimal sizes corresponding to the American Mire Cauge 
(Brown and Sharpe gauge). 

(6) A permissible variation of 0*002 inch (0*051 mm.) abo\c gauge cn all 
sizes will be accepted, but no wire will be accepted having a variation of 
more than 0*0005 ineh (0*013 mm.) below gauge. 

Delivery, Packing, and Shipping. — 9. (a) Wire covered by this 

specification shall be shipped in coils or bundles wrapped closely with a 
layer of plain strong paper in strips no less than 3 inches (7()*2 mm.) wide 
and then covered with another wrapping of waterproof paper of an approved 
quality. 

(b) The size and weight of packages or coils shall conform to the following 
unless otherwise specified on orders 0*072 inch (1*828 mm.) and larger, 
mean diameter of coils 22 inches (559 mm.), minimum weight of coil 
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25 pounds (11*34 kg.); 0-064 inch (1628 mm.) and smaller, mean diameter of 
coils 8 inches (305 mm.), minimum weight of coil 10 pounds (4-54 kg). 

Inspeution and Rejection. — 10. A tag supplied by the manufacturer 
and filled in by the Government inspector with ink, showing the number 
of the test as per his official list of tests, the diameter of the wire, and the 
breaking strength, shall be attached to each coil or piece of wire accejited 
by him or by the salvage board. Such tag shall be sealed on tlie bundle 
with a steel wire of ajiproved design and a lead seal bearing the private 
mark of the inspector doing the work. 


Chemical Composition of Standard Carbon Steels. 


No. 

Carlxm. 

Manganese. 

I^hospho) us 
(Max.). 

Sulphur 

{Max.). 

1015 

0-10 to 0-20 

0-30 to 0-60 

0-045 

0-050 

1020 

0-15 to 0-25 

0-30 to 0-60 

0-045 

0-050 


Streamline Wires. 

Modern aircraft invariably use bracing viri^s of streamline 
or elliptic section in all positions in which they arc exposed 
to wind-resistance action. 

It may be of interest to point out that a streamline section 
has only about ,1 of the wind resistance of that of a circular 


I 



rod of diameter equal to the width or minor axis of the stream- 
line section. 

It is more convenient to manufacture the flat elliptical 
S(‘ction sometimes termed ‘‘raf\\ire,” shown in Fig. 187, 
than it is, to make the ideal streamline shape, and if the fine- 
ness ratio is more than about 5 there is little difference in 
their resistances. Streamline wire is made from circular 
rods by cold swaging, during which process the material 
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becomes hardened ; for aircraft work it is necessary to provide 
means for adjusting the tension, or length of these wires, 
and for this purpose the wires are made to approximately 
the correct lengths, knd are left with a short distance at each 
end round, that is to say, the intermediate portion of the 
original rod is swaged down. The two ends of the wire are 
then screwed right- and left-handed, respectively, and adjust- 
ment is made by screwing the whole streamline wire around 
bodily, when it tightens or loosens itself in the end nuts pro- 
vided on the anchoring clips. Lock nuts are provided to fix 
the wire in position. 

A typical rafwire connexion is shown in Fig. 188; the 
swivelling trunnion shown, which forms the nut for the 
screwed end of the wire, is provided for the purpose of allow- 
ing self-alignment in the length of the wire, and to minimize 
the effects of lateral vibration. 

The tensile strength of the screwed portion of the “ butts,” 
or circular ends, should be equal to that of the “ blades,” 
or flattened section; this effect is difficult to obtain, as the 
swaged portion hardens during manufacture, and as the 
screwing processes reduces the effective diameter. 

Uniform strength in both blade and butt can be obtained 
by commencing with circular rods, initially butted at the ends; 
the percentage elongations of the material, however, will not 
necessarily be the same. 

Swaging should not be carried too far, or the material will 
become brittle, and of low ductility. 

The values given in Table CIV. were obtained from tests* 
made upon streamline wires : 

The steel rod from which streamline wires are made should 
be true in diameter to within ±0 001 inch, and should, before 
swaging or rolling, in its commercial state have a tensile 
strength of from 60 to 70 tons per square inch ; this strength 
should not be diminished in the swaged condition. It is usual 
to specify that the original wire or rod shall be capable of being 

♦ “The Use and Abuse of Steel,” R. K. Bagnall-Wild, Proc. Inst, of 
Autom. Engrs., 1916-7. 



Results of Tests upon Streamline Wires. 
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Tensile 
Strength. 
Tons per 
Square 
Inch. 

61- 4 

63-5 

62- 3 

59-4 

59-7 

59-4 

t- 

6 6 6 

CO lO lO 

9 9 9 

6 6 6 

10 »0 lO 

=0 

Equivalent 
Maximum 
Load in 
Tons. 

1-04 

1-07 

1-06 

00 05 00 
op Op op 

1-03 

0-01 

1-02 

CO CO t- 

00 QO 00 

<1 

Maximum 
Load in 
Tons. 

2-09 

2-14 

2-14 

(N CO 00 

05 O 

CO CO 

lO o oi 

9 9 9 

6 oi 6 

O t- X 

C5 05 ^ 

6 6 6 


Diameter 
in Inches. 

0-208 

0-207 

0-209 

0-290 

0-293 

0-292 

0-207 

0-207 

0-208 

0-293 

0-293 

0-293 


Hi 

S': 

OO 00 

O 05 <o 

O 

13 

12 

9 


Tensile 
Strength. 
Tons per 
Square 
Inch. 

o *0 »o 

CO 6 

lO 00 

6 6 6 

OI QO Cp 

6 6 6 
to CO CO 

70-2 

66-9 

72-5 

Blades. 

Maximum 
Load in 
Tons. 

0> lO 

CO cp CO 

0 oi CO 

01 CO 

6 01 6 

C5 !>• Ol 

6 oi 6 


Thickness. 

Inches. 

0-076 

0-077 

0-073 

960-0 

660-0 

960-0 

»0 io CO 

1- r- 

o o o 

6 6 6 

0-095 

0-096 

0-092 


Width. 

Inches. 

Ol Ol 00 

O Oi 05 

CO 04 (M 

6 6 6 

0-397 

0-405 

0-415 

0-301 

0-293 

0-297 

0-404 

0-408 

0-412 

Condition. 

As manufactured . . | 

As manufactured . . | 

Annealed . . | 

Armealed . . | 


2^ote . — The “equivalent maximum load” is the estimated load on an area equal to the core diameter area of the screw 





Fig. 188 a. — Rafwire Tkdnnio^j: Joints in Front and Side Elevations. 
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bent through to an internal radius equal to the diameter 
of the rod, without eracks or flaws developing. After swaging, 
the swaged portion should have about the same tensile strength, 



and also should be capable of being bent cold through 180^ 
to an inside radius equal to the smaller width or diameter of 
the section, without cracks or flaws developing. 


29 
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Table CV. gives the size and strengths of Messrs. Brun- 
tons’ streamline wires for aircraft purposes, having the shape 
of section shown in Fig. 187. 


TABLE CV. 


Sizes and Strengths of Streamline Wire. (Bruntons.) 


Thread. 


Width. Thickness. 


Ultimate 
Strength in Lbs. 


Inches. 

4 B.A. 

2 B.A. 

B.S.F. . 


.u 

I 


i 

1 

H 

n 


Inches. 

0-192 

0-256 

0-301 

0-348 

0-404 

0-440 

0-496 

0-640 

0-596 

0-636 

0-692 

0-732 

0-836 

0- 924 

1- 036 
1-116 
1-316 
1-516 
1-708 
1 -928 


Inches. 

0-048 

0-064 

0-075 

0-087 

0-101 

0-110 

0-124 

0-135 

0-149 

0-159 

0-173 

0-183 

0-209 

0-231 

0-259 

0-279 

0-329 

0-379 

0-427 

0-482 


1060 

1900 

2600 

3450 

4650 

5700 

7150 

8500 

10,250 

11,800 

13,800 

15,500 

20,200 

24,700 

30.000 

36.000 

48.000 

65.000 

80.000 
103,000 


Steel Cables. 

In all cases in which a high tensile strength wire (combined 
with a certain degree of flexibility) is required, it is necessary 
to employ, not a single plough steel wire, but a cable or rope 
made up of a number of smaller wires of plough steel twisted 
together, so as to form a spiral circular rope. 

The construction and sizes of steel cables vary considerably 
according to the purpose for which they are required, from 
the fine 19 wire single strand* Bowden cable of y g^-inch diameter , 
with a breaking load of about 6 cwt., up to the marine 
hawser cable, consisting of a 3-inch f outside diameter rope, 
composed of 6 strands each of 37 wires, with a breaking load 
of about 300 tons. 


* Vide Fig. 191. 

•)• Cables of 9-inch diameter and above are now made for marine salvage 



General Propers 
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1630 305 (tons) 
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Table CVI. on p. 451 illustrates the various types of steeV 
cable in present-day use, and gives the properties of a typical 
example of each. 

Strength of Cables. 

The strength of a steel cable is invariably less than the net 
strength of the individual wires; the efficiency of a cable is 
expressed by the ratio of the actual to the net breaking 
strength of the total wires, and varies from 70 to 85 per 
cent. 

The weight and strength increase approximately as the 
diaraeter of the cable, provided that the construction is the 
same; more exactly the weight and strength increase at a 
slightly higher rate. 

Unwin* gives the following relations for the weights of wire 
ropes : 

(а) For steel cables with hemp cores, weight per foot in 
pounds=0*15y^, where y=circumferencc of cable in inches. 

(б) For all steel cables, weight per foot in pounds =0-17y^. 


TABLE evil. 

Breaking Strength of Cables. (Unwin.) 
Giith = y inches. 


Material. 

lireakhu} Strength m Toni*. 

Charcoal iron wire 

1-27 72 

Bessemer steel (mild) wire . . 

1-7 

Crucible steel ,, 

2-2 to 3-0 7^ 

Plough steel „ 

3*6 to 4-0 72 


Tables Nos. CVTII. and CIX, give the strengths of the 
larger round steel cables, as used for cranes, hoists, capstans, 
and general engineering haulage work. 


Aircraft Cables. ‘ 

There are two principal classes of steel cable employed in 
aircraft work — namely, {a) extra flexible cable for controls, 
and (b) Bracing cable. 

♦ “Testing of Materials of Construction.” W. C. Unwin. 
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TABLE CVIII. 

Properties of “Mild Plough” Steel Wire Cable. 

(Bullivant and Co., Ltd.) 

Strength of wire— 100 tons per square inch. 


^ 1 

Jo 

^ 1 

1 

i ‘ 
^ 1 

; 

Flexible Fled Wire Rope, 

0 Ftrands, each J 2 IF ires. 

Fxlra Flexible , 
Fled Wire Rope, 
0 Ftrands, 
each 24 Wires. 

F pedal Extra 
Flexible Fled 
a ire Rope, 

0 Ft lands, each 
37 Wires. 

5 1 
1 

Approximate 
Weight per 
Fathom. 

1 Diameter of 

! Barrel or t heave 

1 round which it 

1 may be at a Slow 
Speed worked 

Guaranteed 

Breaking 

Strain. 

Approximate 
Weight per 
Fathom 

Guaranteed 

Breaking 

1 Strain 

Approximate | 
W'eight per j 

Fathom. j 

Guaranteed 

1 Bieaking 

1 Strain. ' 

Inches, 

Inches] 

; Pounds. 

Inches. 

Tons. 

Pounds. 

Tons. 

Pounds. 1 

Tons. 

1 

/’c 

\ 0-03 

() 

1-75 

0-88 

3-25 


— 

n 

i 2 

1-00 

7*5 

2-5 

1-31 

5 

1 

— 

i| 


1-44 

9 

4 

1-88 

7-5 

1 2-0 

8 

M 


2-0 

10-5 

5-5 

2-5 

1 9-75 

2-88 

11 

2 

i 

2-44 

12 

7 

3-5 

! 13 

4*0 

14-5 

21 

P; 

3*37 

13-5 

9 

4-5 

10-25 

, 4-88 

17-5 

2^ 

1 

4-11) 

15 

12 

5-44 

20-5 

5-88 

22 

2i ' 


5*25 

10-5 

15 

0-25 

24 

1 7-0 

20-5 

3 

1 1! 

' 6-25 

18 

18 

7-03 

28-5 

’ 8-25 

32-25 



7-0(> 

19-5 

22 

9-37 

34 

1 10-38 

37-5 

4 

li 

8-2.5 

21 

; 20 

10-75 

39 

‘ 11-5 

43 



! 9-87 

22-5 

: 29 

12-19 

! 45-5 

13-38 

50 

4 

If 

1 11-25 

24 

|33 

13-02 

51-5 

i 15-25 

50-5 



i 12-35 

25-5 

36 

15-09 

; 59 

1 17-12 

05 


1 l‘(T 

i 13-44 

27 

39 

17-75 

' 05 

19-0 

70-5 

H 

n 

1 ■■■' 

— ■ 


19-88 

|74 

: 21-09 

79 

r> 


i 

— 

1 — 

22-5 

! 82-5 

: 24-38 

88 


The finer, or ” bicycle,” cable is also sometimes employed 
for working engine controls over a series of pulleys, or in 
the Bowden controls. 

These cables can be obtained in the galvanized, tinned, or 
_platod condition, and are preferable in one of these conditions 
for exposed situations. 

Extra flexible cable for working aircraft controls, such as the 
elevators, ailerons, rudder, and adjustable empennage, are 
composed of a greater number of individual wires in the 
same sectional area than in the case of bracing or straining 
cables. 
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TABLE CIX. 

Properties of Steel Cables of Different Steels. 
(Bullivant and Co., Ltd.) 


Size, 

Circum- 

ference. 

1 

1 1 A pproxi- 

IJia- ' mate 
j meter. ' IF eight 

1 \per Fathom. 

“ Crucible'' 
Steel. 

Best 
Selected 
Improved 
‘ ‘ Crucible ’ ’ 
Steel. 

Best 
Selected 
“ Mild 
Plough ’ ’ 
Steel. 

Best 
Selected 
“ Extra 
Plough ’ ’ 
Steel. 

Inches. 

1 Hc,hes. 

Pounds. 

H.S. 

Tons. 

B.S. 

Tom. 

B.S. 

Tons. 

B.S. 

Tons. 

n 

6 2 

1-75 

4-5 

4-75 

.7-25 

.7-75 



2-5 

6 

6-5 

7-25 

7-75 

n 


3-25 

8-2.7 

8-75 

9-5 

10-5 

2 


4 

11 

11-75 

12-7.7 

14-25 

21 

u 

5- 2.7 

14-2.7 

15 

16-5 

18 

A 

u 

6-2.7 

! 17-5 

18-2.7 

20 

22-5 

OA 

t 

7 

7*5 

1 21-25 

22-5 

24-75 

27-25 

3 

u 

9 

i 24-75 

26-5 

29 

31-75 

H 


10-5 

' 29-75 

31-75 

35 

38 

H 

n 

13 

' .34-5 

36-75 

40-25 

44-2.7 



14-5 

1 39-5 

42 

46 

.70-75 

4 

li 

lG-5 

45-5 

48-5 

53 

58 

H 

ii 

17-75 

52-5 

56 

61-5 

67 


1 /ir 

20 

.77-5 

61 

67 

73 

H 


22 

65 

69 

76 

83 

5 

f 1^11 

25 

72 

76 

83 

92 


The most commonly employed sections are those consisting 
of 7 strands of 7, 14, or wires each, the diameters varying 
from 0-075 inch up to about 0-305 inch, with respective break- 
ing strengths of 650 and 11,000 pounds. 



Fig. 191.~Extk.\ Flexible Cable Section (7x19). 

Fig. 191 shows the construction of a typical 7x19 cable, 
and Tables CX. to CXIT. gives the corresponding properties* 
in both English and Metrical Units. 

♦ The author is indebted to Messrs. Brunton and Son, Musselburgh, 
Scotland, for the illustrations and particulars given. 
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TABLE CX. 

Properties of Non-Flexible Cable (1 x 19). 
(Messrs. Brunton and Son.) 



Fia. 191a. 


METRIC MEASUREMENTS. 


Diameter i 

of Mope 

in Mdhmetres. \ 

1 

Diameter of 
Wire in Rope 
in Millimetres. 

Weight per 

100 Metres 
in Kilos. 

Breaking 
Strain of Rope 
in Kilos. 

1-0 

0-20 

0*53 1 

130 

M ! 

0-22 

0*(54 1 

160 

1-2 

0-24 

0*7(5 

180 

1-3 I 

0-26 

0*89 1 

205 

1-4 

0-28 

1*03 1 

235 

1-5 

0-30 

1*18 1 

265 

1-6 I 

0-.32 . 

1*35 1 

305 

1-7 : 

0-34 ^ 

1*52 

345 

1-8 

0*3(5 

1*70 

386 

1-9 1 

0*38 

1*90 

430 J 

2-0 

0*40 

2*10 

475 


ENGLISH MEASUREMENTS. 



Circumference 
of Rope 
in Fractions 
of an Inch 
approximately. 

Diameter of 
Rope 

in Decimals 
of an Inch 
approximately. 

Diameter of 
Wire in 
Decimals of 
an Inch. 

Weight per 
100 Feet 
in Founds. 

Breaking 
Strain of 
Rope 

in Pounds. 

i 

0*040 

0*0080 

0*36 

285 


0*044 

0*0086 

0*43 

350 

-jy j l)8irc 

0*048 

0*0094 

0*51 

410 

f’l lull 

0*052 

0*0100 

0*59 

450 


0*056 

0*0110 

0*69 

520 

tV 

0*060 

0*0118 • 

0*79 

590 

u 

0*064 

0*0126 

0*90 

676 

bare 

0*068 

0*0133 

1*01 

760 

iyV full 

0*072 

0*0141 

1*13 

( 860 

1 bare 

0*076 

0*0149 

1*27 1 

950 

i full 

0*080 

0*0160 1 

1*40 

1060 
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TABLE CXI. 

Properties of Flexible Cable (7 x 7). 

(Messrs. Brunton and Sons.) 





Fig. 191 b . 

METRIC MEASUREMEN^rS. 


Diametei of 

Diameter of 

Weight per 

Hope 

Wire in Hope 

100 Alettes 

in Millimetres. 

in Millimeties. 

in Kilos. 

1-8 

0-20 

1-25 

2«0 

0*22 

1-52 

2-3 

0-25 

1*95 

2-5 

0-27 

2-28 

2-75 

0*30 

2-82 

3-0 

0*33 

3-40 

3-3 

0-36 

4*05 

3-5 

0-38 

4-55 

3-7 

0-40 

5-00 

4-0 

0-44 

6-05 

4-3 

0-47 

6-90 

4*0 

0-50 

7-85 


Breaking 
Strain of liojx' 
in Kilos. 


290 

350 

430 


595 

720 

855 

950 

1055 

1275 

1455 

1650 


ENCLISH MEASUREMENTS. 


Circumference 
of Hope 
in Fractions 
of an Inch 
approximately. 

Diameter of 
Hope 

in Decimals 
of an Inch 
approximately. 

Diameter of 
Wire 

in Decimals 
of an Inch. ■ 

Weight per 
100 Feet 
in Founds. 

Jheaking 

St tain of 
Hope 

in Pounds. 

.iV 

0-070 

0-007 

0-83 

640 

I 

0-080 

0-008 

1-01 

770 

. I's 

0-090 

0-010 

1-30 

950 

A 

! 0-100 

0-011 

1 1-52 

1060 

h 

0-110 

0-012 

1-88 

1310 

1 

0-120 

0-013 

2-27 

1580 

¥ 

0-130 

. 0-014 

2-70 

1880 

iV 

0-140 

0-015 

3-03 

2100 

1 6 
~!i -i 

0-150 

0-016 

3-33 

2320 

I 

0-160 

0-018 

4-03 

2805 

1 7 

U 2 1 

0-770 

0-019 

4-60 

3200 

U 1 

j 

0-180 

0-020 ! 

1 

6-23 

3630 
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TABLE CXII. 

Properties of Extra-Flexible (ArRSiin’) Cable (7 x 37). 

(Messrs. Brunton and Son.) 



Fig. 191c. 

METRIC MEASUREMENTS. 


Diameter of 
Dope 

in Millimetres. 

Diameter of 

W ire in Dope 
in Millimetres. 

Weujht per 

100 Metres 
in Kilos. 

Breaking 
Btrain of Dope 
in Kilos. 

f)-() 

0-31 

12-9 

2710 

O’ 5 

0-34 

15*5 

3270 

7-0 

0’30 

17-4 

3660 

7’5 

0’.39 

20-4 

4300 

S’O 

0-42 

23-7 

4990 

8 ’5 

0*44 

20«0 

.5470 

9’0 

()’47 

29-7 

6240 

9 ’.5 

O’.W 

33- () 

7070 

lO’O 

0-52 

30-3 

7640 


ENCLISH MEASUREMENTS. 


1 

Circumference 
of Dope 
in Fractions 
of an Inch 
approximately. 

Diametet of 
Dope 

in Decimals 

1 of an Inch 
approximately. 

Diameter of 
Wire 

in Decimals 
of an Inch. ' 

Weight per 
100 Feet 
in Pounds. 

Breaking 
till am of 
Dope 

in Pounds. 

i 

0-240 

! 0-012 

8-60 

5960 

H 

0-260 

0-014 

10-33 

7195 


0-280 

0-016 

11-60 

8050 

I ti 

0-300 

0-016 ! 

13-60 

9460 

1 

0-320 

0-017 , ' 

15-80 

9980 

lA 

0-340 

0-018 

17-53 

12,033 

H 

0-360 

0-019 1 

19-80 

13,720 

1 f’fr 

0-380 

0-020 1 

22-40 

15,560' 

H 

0-400 

! 

0-021 ! 

24-20 

16,810 
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Bracing Cable. 

Cables are often employed for bracing aeroplane and airship 
structures, but have been replaced to some extent by stream- 
lined section wires, or raf wires, in aeroplane work for exposed 
positions. 

Where cables arc exposed to wind action, the resistance is 
usually lessened considerably (from to 1) by streamlining 



c 



Fig. 192. — Abko. Cable Fairimgs. 


SPRUC£ 

GLUED 

TAPE 


' the cables with wooden fairing in the shape of a tail portion ; 
spruce is usually employed for this purpose, and the fairings 
are taped and glued to the cable at intervals. 

Fig. 192 shows three typical methods employed for fairing 
exposed cables. Diagram A shows the ordinary tail piece 
fairing. Diagram B illustrates a fairing consisting of both a 
nose and tail piece, whilst diagram C shows the method adopted 
for fairing the duplicate left cables of an aeroplane wing. 
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Pulleys for Control Cables. 

The pulleys should be grooved* to suit the cable radius of 
the ball-bearing type, and made in either brass, gun-metal, or 
aluminium alloy. 

The diameter of the* pulley should not be less than 20 times 
the diameter of the cable, or about 7 times the cireuinferenee; 
it is usual to provide guides near the pulk'ys, and wherever 
cables ])ass near a member of the maehine, either bell-mouthed 
e()])per “fair-leads” or red fibre guides should be provided. 
These guides should be lubri(‘at(‘d with thick grease. 


International Aircraft Standard Cable Specifications. 

The I.A.S.IL specify the following types of aircraft cables 
— jiamely, (a) Calvanized Single Strand, ^on-Flexible with 
19 wires; (b) (bdvanized Multiple (-able. Flexible, 0 strands of 
7 wires each ; (r) (galvanized Multiple Cable, Flexible, 7 strands 
of 7 wires each ; (d) Galvanized Multiple Cable, Extra- 
Flexibk', 7 strands of 19 wires each. 

The following table gives the properties speeific'd for these 
cables : 

TABLE CXriL 

I.A.S.B. Cable Sbecifications. 


/. , 1 .S. H. DesiiftKthoii. 

Dxnnfie} 

' Inches. , Inches. 

lireakimj 
tltrentjth 
lu Pounds. 

Approxrniate 
Weight per 
100 Feet 
in Pounds. 


0-312 

A 

\ 12,500 

20-65 


1 0-250 

i 

! 8000 

13-50 


’ 0-218 


1 0100 

10-00 


1 0-187 


4600 

7-70 

ISingle strand non- 

1 0-156 

5 

3200 

5-50 

hexiblc (1x19) steel - 

0-125 

} 

2100 

3-50 

wire cable 

0-109 

(7 1 

! 1600 

2-60 


, 0-094 


i 1100 

1-75 


! 0-078 

A 

780 

1-21 


; 0-062 

A 

! 500 

0-78 


1 0-031 

nV 

1 185 

0-30 


* Either vee or semi-circular with sloping sides. 
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Manufacture. — The steel wires composing the cable shall be laid around 
the centre wire in one or two layers as required by the number of wires in 
the cable with a left-hand (counter-clockwise) pitch and with a length of 
lay not to exceed 11 times the diameter of the cable or not less than 9 times 
the diameter of the cable. 

Wires composing the cable shall be uniformly coated with pure tin or 
galvanized to solder readily. 


1 

I.A.S.B^ Designation. 

Dian 

Inches. 

! 

leter. 

Inches. 

Breaking 
Strength 
in Pounds. 

^Approximate 
W eight per 
100 Feet 
in Pounds. 



0*312 


7900 

15*00 



0*250 


5000 j 

9*50 



0*218 

7 

■) .J 

4000 

7*43 



0*187 

rW 

i 2750 

5*30 

Flexible 0x7 steel wire 


1 0*156 


! 2200 

4*20 

cable (cotton centre) 


! 0*125 

i 

! 1150 

2*20 



0*109 

c'r 

: 830 

1*50 



0*094 


i 780 

1*30 

1 


0*078 

0*4 

i 480 

0*83 



0*062 

iV 

! 400 

1 

0*73 


Manufacture. — The steel wirc.s composing the individual strands of the 
cable shall be laid concentrically around the centre wire m one layer of six 
wires with a left-hand (counter-clockwise) pitch or lay. The cable itself 
shall be constructed by twisting six of these strands composed of seven 
wires each around a cotton centre with a right-hand (clockwise) pitch or 
lay of 6 to 8 times the diameter of the whole. 


I.A.S.B. Designation. 


Diameter. 


Inches. 

Inches. 

0*312 

IT 

0*260 

i 

0*218 

AT 

0*187 


0*156 

.-.'V 

0*126 

i 

0*094 

A5 

0*078 

A 

,0*062 

IT 


Flexible 7x7 steel wire 
cable (wire centre) 


Breaking 
Strength 
in Pounds. 


Approximate 
Weight per 
100 Teet 
in Pounds. 


9200 

5800 

4600 

3200 

2600 

1360 

920 

550 

480 


16*70 

10*50 

8*30 

6*80 

4*67 

2*45 

1*45 

0*93 

0*81 
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I.A.S.B. Designation. 

Dian 

Inches. 

leter. 

Inches. 

Breaking 
Strength 
in Pounds. 

Approximate 
Weight per 
100 Feet 
in Pounds. 



0-375 

1 

14,400 

26-45 



0-344 

l\ 

12,500 

22-53 



0-312 

A 

9800 

17-71 

Extra-fiexiblo7x lOsteel 


0-281 

nV 

8000 

14-56 

wire cable (for con--^ 


0-2.50 

i 

7000 

12-00 

trols) 


0-218 


56(K) 

9-50 



0-187 

tV 

4200 

6-47 



0-156 

5 

,1 2 

2800 

4-44 



0-125 

A 

8 

2000 

2-88 


M \NUFACTURE. — The .steel wires composing the individual strand.s of cable 
shall be laid concentrically around the centre wire in one layer of C wires and 
another, or outer, layer of 12 wires with a left-hand (counter-clockwise) pitch, 
the lay or pitch of both layers being of the same length; the cable itself 
shall be constructed by twi.stingC of the.se .strands composed of 19 wires each 
around a seventh strand of the same construction and material with a right- 
hand (clockwise) pitch or lay of 6 to 8 times the diameter of the whole. 

It is to be understood that the strand composing this cable must not 
necessarily be composed of wires all of the same diameter. 

The following is a typical specification* of one of the I.A.S.B. 
aircraft cables : 

l^Hii^.—Specification for 7x7 Flexible Steel Wire Cable. 

General. — 1. (a) This specilication covers the linish, material, and 

construction of high-strength steel wire cable composed of steel wires 
twisted concentrically around a steel wire centre, thus forming a strand, 
and such strands twisted concentrically around a central strand of the same 
construction, forming a cable. 

{b) The general specification, IGl, shall form, according to their 
applicability, a part of these specifications. 

Material. — 2. The wire shall be manufactured of either I.A.S.B. stan- 
dard steel, No. 1065, No. 1070, or No. 1080, the eompositions of which are 
listed below. 

Manufacture. — 3. (a) The steel wires composing the individual 

strands of the cable shall be laid concentrically around the centre wire in 
one layer of six wires with a left-hand (counter-clockwise) pitch or lay. 
The cable itself shall be constructed by twisting six of these strands com- 
posed of seven wires each around a seventA strand of the same construction 
and material with a right-hand (clockwise) pitch and with a length of lay 
of six to eight times the diameter of the whole. 

* The same general type of specification applies to nil of the I.A.S.B. 
cables, the only differences lying in the constructions and strengths. 
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(6) The steel from which the wires composing the cable are drawn shall 
be manufactured by the acid open-hearth process. 

(c) Wires composing the cable shall be uniformly coated with pure tin 
to solder readily. 

{d) Joints in wires in cable having a diameter of 0'l/)6 (/j) inch 
(3*969 mm.) and larger shall be brazed in a gas hre. In cable having a 
diameter of 0*125 (j) inch (3*175 mm.) or less, wires may be joined either 
by brazing or twisting, at the manufacturer’s convenience. Tuckcd-in nr 
welded joints are not jrermitted. No two joints in individual wires sliall 
be closer to one another in the completed cable than 30 feet (9*14 in.). All 
brazed joints shall be tinned. Exposed brass at joints shall not constitute 
cause for rejection. 

Workmanship and Finlsh. — 4. Each length of cable is to be evenly 
laid, and free from kinks, loose wires, or other irregularities. 3’ho cable 
shall remain in this condition when unwound from the reel oi bend around 
a standard thimble, proper precautions being taken to sceure the ends. 

Physical Properties and Test.s — Tensile Ted — 5. (a) A tensile test 

shall be made upon each individual reel of cable jnirchased of a size. 

(b) Samples of cable for testing for tensile strength sliall be no less than 
24 inches (610 mm.) in length. In making tests the distance between jaws 
of testing machine with sam]>le in jilace and before test shall be not less 
than 10 inches (2.54 mm.). 

(c) Samples for tensile test may be clamped in the jaws of the testing 
machine in the usual manner to facilitate testing; but in casi* of faihin* or 
dispute on individual tests and at the recpiest of the manufacturer check 
tests shall bo made by socketing the samples with pure zinc. 

{d) Cable for use in the construction of aircraft shall meet the required 
breaking strength specified in the table. 

Bend Test. — (e) One bend test is to be made on a samjile cut from each 
reel of cable of a given size. Each samjile must be bent once around its 
own diameter and .straightened again at least 20 times in succession in the 
same direction of bending without any of the wires breaking. 

Torsion Test . — (/) A torsion te.st is to be made on one wire from each 
sample of cable for tensile test. The wire is to be gripped by two vices 
8 inches (203 mm.) a])art. One vice shall be turned uniformly at as high a 
rate of speed as possible without jicrceptibly heating tlie wire, Oiu' vice 
shall have free axial movement in either direction. 

(fy) The number of complete turns which the wire shall stand is deter- 
, mined by the formula 


Number of turns = 


2*2 


55*9 


diameter in inches diameter m millimetres 


[h) Failure of one piece of wire to show full number of turns specified in 
the above torsion test shall not be considered cause for rejection, but in 
such case two additional tests shall be made on two more wires from the 
same sample of cable, and if both samples meet the requirements of the 
specifications the cable shall be accepted in this respect. 

Dimensions and Tolerances. — 6. There shall be no permissible 
variation in gauge below size. Cable having a diameter of V,i to inch 
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(1*5D to 2*38 mm. )> inclusive, shall have a permissible variation of 12 per 
cent, above size; cable having a diameter of | to inch (3-18 to4N() mm.), 
inclusive, shall have a ])ermissible variation of 10 jicr cent, above size; and 
cable having a diameter of to } inch (5*50 to {>*53 mm.), inclusive, shall 
have a penni.ssible variation of 7 per cent, above size. 

Delivery, Packing, and Siiipring. — 7. (a) All cable shall be shipped 
on reels in lengths as specified on orders. 

{h) The dimensions of reels for different lengths and sr/es of cable shall 
conform to the table attacdied to this specification. 

(c) A tinned or galvanized .steel seal wire of approved design shall pass 
around no less than three convolutions of the cable on the leel and shall pass 
through a linen tag showing the name of the manufacturer, the size and 
length of cable on the reel, the order number or other distinguishing marks, 
and a record of the test for ten.silo strength, A lead seal impressed with 
the official stamp of the representative of the (iovernment making the 
inspection shall secure the ends of this seal wire and furnish evidence of 
inspection and acceptance. 

{d) The outer layer of cable on a reel ready for shipment shall be ])ro- 
tected from mechanical injury in handling and transpoiting by an efficient 
covering of burlap. 



Fig. 193.— Tyi'ioal Wire Ferrule .Ioint. 

Aircraft Wire Joints. 

The common method of making an end joint with high 
tensile steel wire is to form a loop on the end, bring the end of 
the wire parallel and adjacent to •the other straight portion, 
then slip a spring wire ferrule of the form shown in Fig. 193 
over the two adjacent wires until it butts up against the loop; 
the free end of the wire is then bent up close to the ferrule. 
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It is usual to pass the wire through an eye-plate attachment 
before slipping the ferrule on, or to bolt the eye to a 
fork-end. 

It has been known for some time that the ordinary wire 
ferrule joint, even when correctly made, has an efficiency of 
only about 60 to 70 per cent, of the wire strength, itself, and 
thatffiilure generally oc(‘urs through the end of the wire pulling 
through the ferrule, or by fracturing on the loop. 

A number of tests were made* by Messrs. J. A. Roebling 
and Co , upon the efficiencies of various forms of stay wire 
fastenings with the object of h riding whicli was the best. 

Fig. 194 illustrates some of the types of fastenings tested; the 
results of the tests are shown in Table CXIV. 

The joint illustrated in Fig. 1 consists of a flattened copper 
tube, or strip, slipped over the bent vire, and soft soldered in 
position; this form is considered unsatisfactory for service, as 
the corrosive action of the soldering flux, and the heat, affect the 
strength of the wire. The type shown in Fig. 2 is that of the 
common ferrule joint above described. The radius of the 
curve at A and B should be exactly the same as at C, and no 
solder should be used. The ferrule should be of spring steed 
wire quality and should have from 7 to 10 turns, with an 
oval hole. In 80 per cent, of the tests upon this joint, the* 
wire pulled through the joint, giving about (ib per cent, average 
efficiency, whilst in the case e)f the remaining 20 per cent., 
failure occurred by fracture at A, the average efficiency being 
68 per cent. 

Figs. 3, 4, and 5 show respectively different radii for the 
loop, pitch of spinal, and a method of wrapping the free (md 
'of the wire around the main stay wire in order to prevent sli}). 
The efficiencies of these three joints are all low however. 

Figs. 5 and 6 illustrate methods of binding the free end in 
order to prevent slip; the efficiency of this type of joint is about 
70 per cent. 

Figs. 7 to 10 denote methods of employing wedges to pre- 

* National Advisory Committee for Aeronautics Report, 1915. Washini^- 
ton, U.S.A. 



COMMERCIAL FORMS OF FERROUS MATERIALS 465 

vent slipping of the free end; there is here an appreciable gain 
in efficiency, the average value being about 78 per cent, 
bigs. 11, 12, and 13 show ferrule joints formed with double 












eyes without and with wedges; the average efficiency in these 
cases is about 83 per cent. 

By employing a double eye with a tapered ferrule and one 
wedge between the ferrule and the eye, as shown in Fig. 13, a 
joint with an average efficiency of 85 per cent, is obtained. 

30 


Fig. 194. — Types of Ferrule Joints tested by A^ierican Advisory Committee for 

Aeronautics. 
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The most efficient joints, however, are those illustrated in 
Figs. 14 and 15, in which a “ thimble wedge ” — that is, a thimble 
and wedge combined in one piece — is employed in conjunction 
with a tapered ferrule, and a wire-binding for the free end of 
the stay wire. The average efficiency of this joint is about 
94 per cent. 

The fracture in this case usually occurs in the thimble eye 
portion, as slipping of the stay wire is effectively prevented 


TABLE CXIV. 

Summary of Results of Aircraft Wire Joint Tests. 

(For joints shown in Fig. 194.) 


Terminal. 

.-1 veraije 
KfJleienaj. 

Range of 
Efficiency. 

Point<'i of 
Ffactn/e. 

1 

Per Cent. 
80 

Per Cent. 

60 to 90 

“A” or “B” 

2 

65 

60 to 75 

“ A ” or 

3 

62 

60 to 65 

slip])ed 

.Sli])])ed 

4 

60 

, 59 to 61 

do. 

5 

72 

' 65 to 75 


6 

70 

68 to 78 

“A” . . 

7 

1 82 

i 80 to 84 

‘^A” .. .. 

8 

80 

79 to 83 

“A” .. .. 

9 

' 70 

60 to 75 

“D” .. .. 

10 

84 

75 to 87 

“A” .. .. 

11 

1 80 

74 to 82 

“A” .. .. 

12 

85 

1 80 to 87 

“A” .. 

13 

94 

92 to 95 

“K” .. 

14-15 

i 

1 

92 to 96 

E” .. .. 


Jieiuarks, 


American soldered. 
Foreign, pro})er eye. 

Foreign, imi^roper eye. 
Right -liand ferrule. 

Fnd wrapped around stay, 
hnid tied to ferrule. 
Wedge under hook. 

Two wedges with yoke. 
Two wedges with washer. 
Two wedges end wrapped. 
Double eye, no wedge. 
Double eye, 1 wedge. 
Tapered ferrule, double 
eye, wedge. 

Thimble wedge T. F. 
single eye. 


Note . — These tests were made with wire having a diameter of 0*102 inch 
and a strength of 1600, 1800, and 2300 pounds. No difference in effi- 
ciency of stay was found by using wire of any of these strengths. 


Steel Cable Splices and Connexions. 

There are several ways of making connexions between cables 
and their attachments, the method adopted in each case de- 
pending upon the purpose for which the cable is used, and in 
many cases upon considerations of convenience. 

The principal methods of making cable end connexions may 
be briefly classified as folloivs: 
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1. By splicing, with or without thimbles. 

2. By looping, binding with co 2 )per wire, or tubing and 
soldering. 

3. By socket-soldering. 

There are, of course, other methods of making connexions, but 
the above are those most commonly employed in aircraft work. 

The method which was at one time the most widely adopted 
in aeroplane work, and which is still frequently employed, was 
the hand-splicing one, which required skilled workmanship, and 
which occupied an a])preeiabk‘ amount of time, but gave very 
good results as a rule.* With the introduction of quantit}^- 
pj-()du(*tion of aircraft, h()\\ev(‘r, it was not ])()ssible to obtain a 
sulheient output of s])lie(‘s to k(H‘p ]mce with the other coin- 
pommti^, and it became the ])raetiee to adopt the st'cond method 
mentioned above; this method wlum jwojxTly ex(‘Ciited giv('s 
almost identical n^sults with that of No. 1, but the joint sud- 
denly changes in llexibility and s(‘etion where tlu' soldering 
ends, whereas th(‘ spliced joint gradually changes, and indivi- 
dual wir(‘s ar(' less likdy to fraetun^, vhen bent. An enieieney 
at the joint of almost 100 per cent, can b(‘ obtained with each 
OIK* of the above nudhods. 

Fig. 105 shows two standard aircraft eabh* joints of the sol- 
dered type (2), the proportions shown being accurately to scale. 

Spliced Joints, 

In marine and aircraft work, wlu're splicing is ])ossible, it is 
])referable, and if properly carried out will give a c'onnexion as 
strong as the cable itself. 

It is now the invariabh* ])raetiee to splice looped ends with 
a brass or galvanized iron thimble in the loop to protect the 
cable and to distribute the load over the loop. 

There are two common methods of splicing employed for 
steel cable — namely, {a) the “ Under and Over,” or Crossed 
method, as shown in Figs. 397 to 202; and (6) the “ Liverpool,” 
“ French,” or Spiral method, as shown in Fig. 203. 

The former is the method most commonly used in aircraft 

* An average wire splicer could do a splice m a 5-millimetre cable com- 
plete m about 30 minutes. 
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work, and it has the advantage that the pull on the cable 
tightens the joint, and there is little possibility of the strands 
slipping. It shows a plaited ap])earanee before serving. 



Method of Making Splices *— Tools Required.— Idie tools 
required for wire splicing comprise- (1) A flat marlin spike; 

* The author is indebted to Messrs. Brunton.s, of Musselburgh, Scotland, 
for the following descri])tion and illustrations. 
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(2) a round marlin spike; (3) a pair of wire-cutting nippers; 
(4) a “ tucker,” shaped similar to a wire gimlet, with pointed 
end (used for splicing small strands) ; and (5) a serving mallet, 
with bobbin for holding serving twine for finishing splices. 
These tools, the metal parts of which should be made of hand- 
forged best cast steel, are shoAvn illustrated in Fig. 196. 

The Under and Over Method — Instructions. — Serve the cabh* 
with wire tarred yarn (for large cables) or waxed thread (for 
small cables) to suit the circu inference of the thimble, bend 
around the thimble, and tie securely in place with temporary 



Fig. 197. Fio. 198. 


lashing until the splice is finished, as shown in Fig. 197. Open 
out the strands, as shown in Fig. 198, taking care to keep the 
loose end of the roj^e to the left hand (see Fig. 198). Now 
insert tlie marlin spike, lifting two strands (as shown in Fig. 
199) and tuck away towards the right hand (that is, inserting 
the strand at the point, and over the spike) strand No. 1, 
pulling the strand well home. Next insert the marlin spike 
through the next strand to^jbhe left, only lifting one strand, the 
point of the spike coming out at the same place as before. 
Tuck away strand No. 2 as before. 

The next tuck is the “ locking tuck.” Insert the marlin 
spike in the next strand, and missing No. 3, tuck away strand 
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No. 4 from the point of the spike towards the right hand. Now, 
without taking out the spike, tuck away strand No. 3, behind 
the spike towards the left hand (as shown in Fig. 200). Now 






Fig. 201. 

• 

insert the spike in the next strand, and tuck away strand No. 5 
behind and over the spike. Do No. 6 likewise. Pull all the 
loose strands well down. 

This completes the first series of tucks, and the splice will. 
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if properly made, be as shown in Fig. 201. Next, starting with 
strand No. 1 and taking each strand in rotation, tuck away 
under one strand and over the next strand until all of the 
strands have been tucked four times. 

If it is intended to taper the splice, the strands may at this 
point be split, and half of the wires being tucked away as 
before, the other half cut close to the splice. The finished 
splice is shown in Fig. 202 in the condition ready for serving.* 
Serving is sometimes only applied, to the tapered end of the 
splice in aircraft work, but for all ordinary purposes the whole 
splice may be served. 

% 

j 

T 

I 


Fro. 202. — Finished Splice. Fig. 203. — French or Spiral Splice. 

The Spiral, Liverpool, or French Splice. — The second method 
of splicing, which is shown illustrated in Fig. 203, has the appear- 
ance of a spiral cable similar to the unspliced cable, and is 
applicable to any cables or hawsers which do not hang free, 
nor are liable to spin or rotate. In this method the strands, 
instead of being interlocked together, are merely tucked round 
and round one particular strand in the rope. Each loose 
strand is, of course, tucked round a different strand in the cable. 

♦ Serving is the name given to the method of binding the finished splice 
with waxed cord or twine, or tarred yarn, to protect the joint, and to 
prevent the loose wire ends from catching in objects. 
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Cable Sockets. 

One method of making a strong end connexion, having at 
least the strength of the cable itself, is that shown in Fig. 78, 
and described in detail on p. 183. 

Fig. 204 illustrates two types of Messrs. Bruntons’ flexible 
cable sockets for soldered ends, one forming an ordinary eye, 
and the other a forked end. 

The method recommended for making cable sockets is as 
follows; Put the socket oVer the cable, as shown in Fig. 205 (A), 
and about 6 inches from the end. Serve with line wire for 
about 1 1 inches, then open the strands, cut off the heart, and 
bend all of the strands back, as shown in Fig. 205 (B). These? 



Fio. 204 .— Oable So{’Ket Fobk and Eye. 


strands should then be tucked in between the strands, as shown 
in Fig. 205 (C), and the whole hammered together. A steel 
pin should be driven in, as shown in Fig. 205 (0). The cable 
is then draw n into the socket, as shown in Fig. 205 (I)), and the 
interior filled with a good hard white -metal. 

The composition of a suitable white -metal is one consisting 
of equal parts of tin, lead, and zinc. 

Another method of fastening cables to conical-ended sockets* 
is as follows : A length of cable sufficient to allow of a testing 
length of usually six times the circumference, with a minimum 
of 15 inches between the grips, is cut off, the wires at each end 
are opened out, dipped in a strong solution of caustic soda or 
hydrochloric acid, washed and dried, and if necessary cleaned 
with emery paper. One of the prepared ends is then placed 
in a taper mould, the cable where it enters the mould being held 
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in clamps attached to the mould to ensure perfect centraliz- 
ation. The mould is then placed in a vice with the wider ori- 
fice uppermost and the opened-out wires at the top of the mould. 
Molten lead, to which 10 per cent, of antimony has been 
added, is then poured in and allowed to set. The same proce- 





A 




B 




C 


^ “ ‘"*""*'*"*!!***| 

Fia. 205 . — Method of making Socket Joint for Cablr-P^nd. 

dure is then adopted with the other end. Before cutting off 
the test sample and opening out the wires it is necessary to 
whip or solder the cable in order to preserve the lay. 

When the sample is cool, the cones may be attached in split 
ends; alternately the sockets themselves may form the moulds. 
For multi-stranded cable, a good method (illustrated in 
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Figs. 206 to 209) is to bind the cable end at a distance equal to 
a little more than the Tsocket-coned portion, and next, after 
separating and cleaning the strands with petrol to eliminate 
grease, to dip in a solution of equal parts of hydrochloric acid 
and water for a few minutes, and after cold-water washing to 
dry. The tops of the cable wires are then bound with a soft 



Fig. 206. t'lu- 207. 


wire, pushed through the socket, until they are a little above 
the top, and the top soft wire binding pulled off, which allows 
the wires to spread out. Melted lead or low fusion point 
white metal is then poured into the socket, using clay around 
the bottom to prevent the molten metal from running out, 
and the joint is complete. The finished joint has the appear- 
ance indicated in Fig. 209. 
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Strength of Steel Cable Joints. 

Except in the case of very small htind-spliced cables joints 
and extra flexible cable joints the efficiencies of spliced joints 







Fio. 208. 


Fig. 209. 


vary from 90 to 100 per cent. The fracture of tested spliced 
cables usually occurs at the last tuck in the splice, and very 
seldom around the thimble. The efficiency of properly looped 
and soldered cable ends is almost invariably 100 per cent. The 
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TABLE CXV. 

Breaking Loads and Efficiencies of Cable Joints. 




Dia- 

meter, 

Inches. 

j 

lireakingl Breakimj 

L//i. 

Type of Joint. 

Cable. 

Load 
of Cable, 

Load 
of Joint, 

eiency 

per 



Pounds. 

Pounds. 

Cent. 

Hand - spliced; 

Iloeblings’ single / 

I’d 

500 

5(H) 

100 

over and under; 

strand 10 wire | 

i 

2100 

2000 

98-2 

thirnblo in eieh 

(g a 1 V a 11 i /. ed).1 

iff 

1 

4000 

4180 

91-0 

(uid. 

Aviation* type ( 

<sooo 

7200 

90*0 

Hand - sjihced. 

Roeb lings. Seven t 

1 

2000 

1()00 

80-0 

over and under; 

strands of 10 1 

1 ‘ff 

4200 

0500 

80-5 

thimble in each 

j w i r e s (' a c h -! 

1 

7000 

6000 

86-0 

end. 

I Tinned. Avia- 

1 Vi 

0800 

8200 

83 5 


1 tioii type { 

J 

H 1 

14,400 

1 2,000 

80-5 




500 

500 

100 



(U 

780 

780 

100 

Loojjed and sold- 

lloeblings’ single 


1100 

1 100 

100 

ered joint. 

strand of 10 


1()00 

1600 

100 

Length of lap — 20 

wiri's (galvaii-x 

\ ' 

2100 

2100 

100 

times dianietor 

ized). Aviation 


0200 

0200 

100 

oi cable. 

type. 


4()00 

4600 

100 



0100 

6100 

100 



i” 

8000 

8000 

100 


TABLE CXVL 

Tensile Strengths of Drawn Wires of Different 
Materials. 


Material. 


Tensile Strenifth, 
Tons per Square I n< h 



A.v Diawn. 

Annealed. 

Iron . . . . , . . . . . ' 

30 to 40 

20 to 30 

Bessemer steel (mild) . . . . . . : 

40 to 50 

25 to 35 

Siemons-Martm steel (mild) .. ' 

55 to 65 

30 to 50 

High carbon Siomens-Martin steel . . ' 

50 to 80 



Crucible ca.st steel (plough) . . . . J 

100 to 160 

40 to 60 

High nickel steel (28 per cent.) (jJ^ inch i 

90 

40 to 45 

diameter) 

Copper . . . . . . . . . . ^ 

26 to 30 

15 to 18 

Phosphor bronze . . 

45 to 75 

23 to 30 

Delta metal 

45 to 65 

35 to 40 

Silicium bronze 

28 to 50 

— 

Brass wire* 

20 to 40 

10 to 15 

Aluminium wire . . . . . . . . ' 

10 to 15 

7 to 10 

i 


* The tensile strength increases with the percentage cl zirc. 
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TABLE CXVII. 

Strengths of Wires of Various Materials. (Unwin.) 
(Actual test results.) 


Material and Comlition. \ 

i 

Dia- 

meter 

TeHed, 

Inches. 

Tensile j 
k^tren^tK' 
Tons per j 
Square j 
Inch. 1 

Elonga- 

tion 

per Cent. 

on 8 
Inches. 

Authority. 

Copper wire, annealed | 

0-32 

14*7 . 

39*8 

Schiile and Brunner 

Copper wire, annealed | 

0-14 

15*0 

38*4 


Copper wire, annealed J 

o-ib 

15*7 

35*9 


Copper wire, annealed j 

O-OH 

1 10*1 

35*7 


Copper wire, annealed 

0-04 

' 15*9 

33*8 


Copper wire, half-hard ' 

0-32 

19*3 

11*2 


Copper wire, half- hard | 

0-24 

20*0 

7*1 


Copper wire, half-hard 

(Mb 

21*7 

4*7 


Copper wire, half -hard 

0*08 

23*9 

1*7 


Copper wire, half-hard 

0*04 

22*2 

1*4 


Copper wire, hard drawn 

0*32 

; 24*0 

■ 2*9 


Copper wire, hard drawn , 

0*24 

; 24*8 

: 2*5 


Copper wire, hard drawn 

0*10 

i 20*0 

2*0 

1 M M 

Copper wire, hard drawn 

0*08 

i 28*3 

1 1*2 


Copper wire, hard drawn 

004 

: 25*7 

i 0*9 


Brass wire 

0*193 

25*23 

i 25*5 

Unwin 

Black ca.st steel rod . . 

0191 

02*04 

! 4*12 


Black cast steel rod . , 

0*191 

02*44 

i 5*70 

1 

(Jilding metal (no tin). , 

0*249 

20*17 

0*25 

,, 

(hiding metal (no tin). . 

1 0*249 

20*02 

8*7 

1 

Soft German silver 

0*207 

, 29*89 

! 47*0 

„ 

Soft German silver 

' 0*207 

: 29*10 

' 47*7 

' ,, 

Siliciiim bronze 

1 0*080 

1 27*5 

1 1*5 

Brcecc, 

Silicium bronze 

! 0*030 

50*0 

; nil 

Fairfield Co. 

Delta metal (drawn) , . 

i 0*115 

1 58*2 

1 2*1 * 

Delta metal (annealed) 

i 0*115 

38*7 

27*0* 

i 


principal objections to this form of joint are the corrosive 
action within the strands of the flux, and the abrupt change 
from flexible to solid soldered joint, wliich weakens the joint 
when subject to bending action. 

Table CXV. on p. 477 gives some typical test figuresf for 
different cable end joints. 

* In 6 inches. 

•f National AdvLsory Committee for Aeronautics, Report No. 3, 1915 
Washington, 



CHAPTER VITI 

THE TREATMENT OF FERROUS MATERIALS 


Reference has already been made in the two previous 
chapters to the effects upon the properties of iron and steel 
of mechanical and thermal treatments, and a good idea of the 
results of forging, drawing, rolling, hamnn^ring, hardening, and 
tempering processes should have been already obtained 

It is proposed in the present chapter to deal, in as brief a 
manner as possible, with the commercial processes, to which 
ferrous materials are subjected, in connexion with their 
applications to engineering ])urposes, as distinct from metal- 
Iurgi(;al processes, which an* outside of the scope of a work 
of the present nature. 

There are two distinct methods of treating steels* in com 
mercial work — namely, the mechanical and th(^ th(‘rmal, or 
heat treatment ones; th(*se will be considered separately. 


Mechanical Treatment. 

This term includes the proce.sses of hand and drop forging, 
cold and hot stamping, pressing, rolling, drawing, extruding, 
bending, and similar processes. 

Forging. 

The process of hand forging consists in shajiing the material 
in the plastic or semi-molten state, by means of special tools 
such as hammers, sets, snaps, etc., by hand. 

This process is employed for small quantity work, for repairs, 
and for very large forgings, such as those employed for large 
crank-shafts, connecting rods, guns, and the like ; in the latter 

* The term “steel” is here employed in the same sense as “iron.” 

479 
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cases, power hammers, either steam, pneumatic, electrical, 
or mechanical, are employed, but the actual shaping of the 
object is controlled by hand. 

Hand forging necessitates considerable experience and skill 
on the part of the individual, and a thorough knowledge of 
the properties of the steel employed; for example, it is neces- 
sary to know the correct forging temperature, and the subse- 
quent heat treatment for the particular steel employed. 

Effect of Forging upon the Structure. 

Tn the case of low carbon steels consisting of hard pearlite 
crystals with the soft ductile ferrite, or iron crystals, the effect 



Fig. 210. — Micrograph of Steel in the Cast Condition. 

of forging, or doing mechanical work upon the material whilst 
hot, is to break up the crystals and to compress the cementing 
material; this effect is known as refining the structure, and 
may be clearly recognized from micrographs of steel before 
and after forging. The effect of forging may be roughly com- 
pared with that of hardening mild steel to a certain extent. 
Forging, at suitably high temperatures, is also favourable to 
crystal growth, but the temperature must not be allowed to 
fall below the recalescent point, at which temperature crystal 
growth ceases, otherwise the material becomes injure^, 
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Figs. 210 and 211 show the effect of forging upon the struc- 
ture of steel in the initially cast condition. 

Drop Forging.* 

This process consists in making the semi-molten, or hot and 
plastic material, flow under pressure or repeated hammer 
blows into the cavities formed in one or a pair of strong metal 
moulds, or dies. The process may be termed one of plastic 
deformation of steel. 

The process, which yields results similar to those obtained 
by the casting method, possesses the advantages of yielding 
more homogeneous forgings, which maybe made much stronger 



Fig. 211. — Micrograph of Same Steel after Forging 

than any castings, and more accurate to shape, so that little, if 
any, machining is necessary, except for the faced or machined 
surfaces, holes, etc. 

Moreover, the grain of the metal can be arranged to flow or 
run in the directions most advantageous from the point of view 
of strength;! for example, in the case of a gear-blank cut from 

* An excellent paper entitled “Drop Forging and the Automobile In- 
dustry,” by A. Stubbs, is given in the Proc. Inst. Aut. Engrs., May, 1915 
Also vide “Shells and the Plastic Deformation of Steel,” the Library Press, 
Ltd., 1919. t See Figs. 150 to L53. 


31 
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the solid bar, the teeth possess a fibrous structure parallel to 
the axis of the bar, whereas in the case of a drop forged blank, 
the fibre can be arranged so as to be radial. 

Owing to the labour and expense incurred in making tlie 
necessary dies for drop forgings, the process do(‘S not pay, 



except in th(^ case of very simple objects, unless the quantities 
required are large; for ejcample, in the case of certain auto- 
mobile parts, in which great strength is not of primary import- 
ance, it is usually better to employ hand forgings or castings 
for quantities below from 50 to 100, as the cost of the dies 
would otherwise outweigh the other advantages. 
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Drop forgings can be produced in fairly coni})lieat('d sha])es, 
as shown in Figs. 212 and 213, from earbon steels containing 
a carbon contcait up to about 0-75, and from alloy steels* such 
as nickel, niekel-ehromc, and chrome- vanadium steels; tensile 
strengths up to 120 tons pcT square inch, with a corr(‘s]3onding 



elastic limit of about 100 tons per square inch, can be obtained 
by suitable heat treatment of the t*wo latter steels. In general, 
the softer the steel, the more easily can dro}) forgings be made 
from it. 


For the properties of such steels see (diaptcr VZ. 
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It is possible to produce drop forgings to a tolerance of 
inch, in ordinary commercial work, and by careful forging and 
subsequent restriking in medium sizes, to obtain an accuracy 
within from 5 to 10 thousandths of an inch; for very accurate 
work multiple dies are employed, one set for roughing out, 
another for part-finishing, and a third for fine-finishing. 

Materials for Drop Forging. 

The principal steels employed for 'automobile and aircraft 
drop forgings are as follows — namely, (a) Mild-steels, from 
0-10 to 0-25 per cent, carbon. (6) Medium carbon steels, 
from 0-30 to 0*50 per cent, carbon, (c) High carbon steels, 
from ()*5 to 0-8 per cent, carbon, {d) Nickel steels, low carbon, 
or case-hardening, and medium carbon nickel steels requiring 
subsequent heat treatment, (e) Nickel-chrome steels, with 
low chromium and nickel contents (analogous to low nickel 
steels) and with high chromium and nickel contents (air- 
hardening, high tensile steels). (/) Chrome-vanadium steels. 

The mild steels employed should be made by the Siemens 
acid process and not by the basic pro(*ess; they are employed 
for inexpensive lightly loaded parts and for case-hardened 
parts. These steels are very easy to drop forge, and give good 
impressions from the dies. 

Medium carbon steels, made by the Siemens acid ])roccss, 
are employed for parts requiring toughening,” and which do 
not have to withstand heavy loads; these ste(‘ls })ossess the 
properties of 40 ton ” steel, and they can be readily 
machined. 

It is possible to drop forge higher carbon steels (up to 1-0 per 
‘cent, carbon), but these steels are rarely employed in automo- 
bile work, and moreover are difficult to handle. 

Nickel and nickel-chrome high tensile steels require special 
care in heating and forging, but yield exceedingly strong and 
light parts; unless, howeVer, great care is taken, unsound 
forgings are liable to result, possessing surface defects such as 
‘ * roakes ’ ’ ; these steels necessitate very strong dies, and even 
then the dies require more frequent replacement than when 
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used for the softer steels. There is no difficulty in drop forging 
the low carbon, low nickel steels, for case-hardening purposes, 
but the low carbon 5 per cent, nickel steel requires very 
careful handling for forging. 

It IS possible to drop forge some of the air-hardening nickel- 
chrome steels, but considerable care, combined with an e.xperi- 
ence of the suitability of these steels for particular parts, is 



Fig. 214. — Illustratinti Tbht.s to Destritution of Droi* b'oRoixGs. 


necessary; these steels are suitable for gear-blanks. Fig. 215** 
shows the results of cold bending tests upon nickel steel petrol 
engine connecting-rod drop forgings in the forged stat(‘, and 
Fig. 214 the results of destruction tests of stamped and forged 
automobile parts made by Messrs! Vickers, Ltd. 

Chrome-vanadium steel possesses the advantages over nickel 
and nickel-chrome steels in that it is much easier to drop 

* By courtesy of A. Stubbs and the Inst, of Autora. Engrs, 
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forge, but will give almost identical mechanical strength 
results, although its hardness properties are somewhat lower. 
These steels can also be much more readily machined. 

Chrome-vanadium st('els are particularly well suited to parts 
which require drop forging, and which must possess great 
shock resistance qualities, combined with high tensile strength. 
Many modern automobile parts are made from these steels. 

Drop forgings from all steels must be carefully annealed 
after the stamping proccess, in order to relieve internal stresses, 
and to promote uniformity of structure 



Fia. 215. — Tests to Uestkuction of Nickel Steel Drop Tokojkos. 


Dies for Drop Forgings. 

The preparation of the dies requires special skill in order 
that the impressions obtained may be accurate; dies are some- 
times cut by hand for small parts, but, wherever possible, dies 
should be machined in vertical millers, profiling, and similar 
machines, with the minimum of hand finishing work. 

When the dies have been made, lead impressions are taken 
by running in molten lead, and the results are compared with 
the drawings ; it is an advantage to prepare a wooden pattern 
of the finished object, to aid the die-sinker in making his dies. 
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TABLE CXVIir. 

Properties of Drop-forging Steels. (Stubbs.) 


Mate) ml. 

Condition. 

Elastic 
Lint if. 
Tons per 
Squnie 
Inch. 

Tensile 
Strength, 
Tons per 
Square 

1 nch. 

Percent- 

age 

Elonga- 
tion in 

2* 

Inches. 

Reduc- 
tion of 
A rea 
per 
Cent. 

Mild steel (Siemens) 

As forged 

14 to 18 

24 to .32 

.30 to 25 

~~z~ 

Medium carbon steel 

Heat-treated ( 1) 

2o 

40 

20 

40 

(Siemens) [0-30 to 
0-50 C.] 

Ditto 

Heat-treated (2) 

30 

50 

15 

35 

High carbon steel 

As forged 

30 

54 

10 

25 

[0*50 to 0-80 C.] 

'Nickel Steels. 

3 per cent, nickel, 0-3 

Normal state 

27 to .30 

40 to 45 

28 to 25 

55 to 50 

to 0-4 C. 

Ditto 

Heat-treated 

53 to 58 

00 to 05 

20 to 17 

50 to 45 

o per cent, nickel, 0*3 

Normal state 

3.3 

50 

22 

45 

to 0*4 C. 

Ditto 

Heat-treated 

70 

SO 

12 

35 

N ickel-Ckroaie Steels. 
Niokol-chroine steel. . 

Normal state 

30 to 40 

45 to 50 

25 to 22 

00 to 55 

Ditto 

’ Heat-treated (u) 

tS to 77 

55 to 85 

123 to 14 

00 to 50 

Ditto 

H(*at -treat(*d {h)\ 

80 to no 

.10 to 121) 

14 to 12 

50 to 35 

Chrome- Vanadium \ 
Steels. 

0*30 per cent, carbon; 

1 

1 

Normal state 

25 to 35 

.35 to 52 

25 to 20 

55 to 50 

1-2 per cent, chro- 
mium; 0* lOpercent. 
vanadium 

Ditto 

1 

Heat-treated 

55 to 05 

1 

00 to 72 

20 to 10 

50 to 45 

Air-hardeniiuj Nickel- 
Chrome Steels. 

0'3o per cent, carbon; 

Annealed* 

i 2.3 

34 

24 

40 

1*00 per cent, nickel; 
0*50 per cent, chro- 
mium; 0*40 percent, 
manganese 

Ditto 

Hardenedf 

I 

50 

58 

^'7 

'45 


Fig. 216J shows some typical forging and trimming dies to- 
gether with a specimen finished. ^ 

The amount of taper, or draft, allowed varies from about 
5 to 7 degrees, but will be greater for deeper forgings and for 

* Brinell No. = 180 to 200. t Brinell No. = 210 to 290 

t Courtesy of the Inst, of Autom. Engrs. 
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alloy steels. The amount of contraction allowed depends 
upon the shape and size of the forging and upon the forging 
heat; the average allowance is about inch per foot. 

It is usual to allow from inch to J inch for the “hn,” or 
thickness of metal between the two dies, due to the flow of 
waste metal, but in the case of large and deep forgings the dies 
should be well guttered, in order to prevent choking and to 
facilitate the proper flow into all parts of the dies. 

Small dies, when made in carbon 6r alloy steels, are carefully 
hardened before use, but in the ease of large dies this treatment 
is often omitted owing to the risks of fracture. 



Fig. 210. — Fouging and Trimming Dies. (A. Stubbs.) 


It is essential during the forging process to keep the surfaces 
of the dies both cool and clear; this is usually accomplished 
by employing an air blast, and by employing a swab, or 
brush, in the forging intervals. 

Oil is used to prevent the forged part from sticking in the 
die. The fins left on drop forgings, due to the die clearances, 
are cut off in a special trimming punch, using suitable dies. 

The materials employe^ for the dies are cast iron (for fairly 
large and plain parts in iron or soft steel), Bessemer steel (for 
small quantity production of large and simple parts), high- 
grade Siemens acid steel (for tough dies for most general 
purposes), cast crucible steel (for small articles required in 
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large quantities, and for high carbon and alloy steel drop 
forgings). Occasionally nickel steels have been employed for 
very tough drop forgings. 

The composition of one of the widely used Siemens acid 
steel for dies is as follows : 

(Parboil . . . . . . . . . . ()*(>5 j)pr*cent. 

Maiij^anosc . . . . . . . . . . O-bO ,, 

Silicon . . . . . . . . . . . O-O-to 

Sulphur . .. .. /. .. .. ()-()2{) ,, 

Phosplionis . . . . . . . . . . 0-025 ,, 

[t IS not possible to dwell at any greater length upon the 
subject of drop forging, but for fuller information the Header 
is referred to the sourc(\s mentioned in the footnote on p. 481. 
Apart from thc^ employment of drop forgings for motor-car 
parts, petrol engine parts, such as crank-shafts, connecting 
rods, valves, etc., these forgings are very suitable for quantity 
production of parts such as bolts, nuts, pins, eye-bolts, forked - 
ends, spanners, inachine handles, tap-keys, hooks, lathe- 
carriers, and siinilar objects. 

Stampings and Forgings in Other Materials. 

It is also possible to stamp and forge other non-ferrous metals, 
such as the malleable bronzes, brasses, co])))er. Delta metal, 
and other metals, and for fairly simple parts, such stampings 
or forgings are almost equal to die-castings, and can bo made 
much stronger. One firm has solved the problem of utilizing 
the “ swarf ” or waste material from the brass industry, and 
has produced stampings such as time fuses, butterfly nuts, 
unions, nipples, and a variety of other shapes therefrom. 

Each particular material requires its own special conditions 
of heat treatment, temperature of forging, etc.; these eondi-. 
tions are referred to in the second volume of this work, 
dealing with the materials in question. 

Normalizing Steel. 

The processes of normalizing and annealing steel are to a 
certain extent similar in operation and in results, but in the 
former process, the temperature is usually higher than in the 
latter. 
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Normalizing consists in heating the steel to a temperature 
above the Acg point and allowing it to cool slowly in still air; 
the process is employed not only for removing rolling, forging, 
and general mechanical treatment strains, but also to refine 
the structure and to present the material in the most suitable 
form for machining or hardening. 


TABLE CXIX. 

Effect of Ant^ealing Normalizing Carbon Steel 
Rolled Bars. (Harbord.) 


Type of Steel and Condition. 

Period 

of 

neal- 

ing. 

Hours. 

Yield 

Pointy 

Tons 

per 

Squa) e 

1 nch. 

Tensile 

Strength, 

Tons 

per 

Squaie 

Jnch. 

Elonga- 

tion 

per 

Cent. 

IN 2 
Inches. 

P educ- 
tion 

of A rca 
per 
Cent. 

34-7 

73-20 

71-10 

71-10 

73-20 

0*13 per cent, carbon 

As rolled 

Annealed at 720° (J. 
Annealed at 800° ( J. 
Normalized at 900° C. 
Annealed at 720° 0, 

i 

h 

12 

11-34 

10-20 

13-00 

11-60 

30-20 

20-10 

20-10 

21-50 

20-00 



33- 2 

34- 5 
28-8 
29-4 
29-4 
28-1 
26-8 
28-2 
29-5 

20-0 

44- 5 
4(v0 

45- 0 
42-5 

0*25 per cent, carbon 

As rolled 

Annealed at 620° C. 
Annealed at 720° C. 
Annealed at 800° C. 
Normalized at 900° C. 
Normalized at 1100° C. 
Annealed at 620° C. 
Annealed at 720° C. 
Annealed at 900° C. 

I 

1 

12 

12 

12 

27-80 

18- 24 

19- 40 
17-28 
15-30 

14- 3 

15- 8 

25-1 : 

12-7 

24-0 

32-5 

29-5 

32- 5 

33- 5 
32-5 
31-0 
29-0 

25-3 

55-0 

02-0 

58-0 

54-8 

54-7 

71-4 

57-5 

0*47 per cent carbon 






As rolled 

— 

— 

37-0 

0-25 

18-76 

Annealed at 020° C. 

4 

, 27-8 

37-0 

24-0 

49-7 

Annealed at 800° C. 

1 

18-7 1 

33-0 

27-5 

45-0 

Normalized at 900° ('. 

\ h 

18-0 I 

32-4 

28-0 

40-2 

Normalized at 1100° C. . . 

i 

14-3 , 

31-4 

27-0 

40-4 

Annealed at 020° 0. 


21-1 ; 

32-0 

33-0 

57-0 

Annealed at 900° (X 

12 

25-6 i 

29-9 

30-0 

43-5 

Annealed at 1200° C. 

12 

, ^3-8 1 

29-1 

10-0 

38-8 

0-72 per cent, carbon : 


I 




As rolled 

- 


49-0 

11-72 

3-43 

Annealed at 620° C. 


31-7 i 

50-2 

20-5 

33-5 

Annealed at 800° C. 

! • i 

— 

42-5 

17-7 

31-7 

Normalized at 900° C. 

1 A 

— 

43-2 

16-5 

25-8 

Normalized at 1100° C. 

i 

— 

1 42-4 

14-0 

17-2 

Annealed at 620° C. 

12 

21-1 

; 40-6 

29-5 

46-5 

Annealed at 900° C. 

12 

38-7 

I 43-7 

12-5 

14-0 

Annealed at 1200° C. 

12 

29-9 

1 40-2 

1 

11-0 

11-3 
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The following is the Engineering Standards Committee’s 
definition of normalizing: “ Normalizing means heating a steel 
(however previously treated) to a temperature exceeding its 
upper critical range and allowing it to cool freely in the air 
The temperature shall be maintained for about 15 minutes, and 
shall not exceed the upper limit of the critical rangQ by more 
than 50'^ Centigrade.” 

The properties of steels in the normalized condition are 
given in Chapter VI., but Tables CXIX. and CXX. show the 
beneficial effect of normalizing rolled carbon and alloy steels. 

TABLE CXX. 

Effect of Normalizing Rolled Alloy Steels. 




A/Vn.v/ir' 

Tensile 

Elon- 

Reduc- 





Strength, 

gation 

tion 

Brincll 

Material. 

Condition. 1 

Tons j 
per 1 

Tons 

per 

Square 

per 

Cent. 

of 

Area 

Hard- 


1 

Square 

in 2 

per 

ness. 



Inch. 

1 / nch. 

Inches. 

Cent. 


Low carbon 11 per 
cent, nickel steel 
(case-hardening) 

1 As rolled 
i j Normalized 

21-3 

1 35-3 

32-5 

,38-5 

33-0 

53-0 

OO-O 

169 

Medium carbon 3 per 

) As rolled 

: 29-5 

41-9 

30*5 

50-1 

217 

cent, nickel steel 

j Normalized 

22-() 

' 30-8 

29-0 

Cl-0 

— 

Modinm carbon 5 ])er 

\ As rolled 

37*5 

' 45-1 

32-5 

44-6 

202 

cent, nickel steel 

/Normalized 

3()-.'> 

! 45*1 

24-0 

29-2 

— 

High Tiickel-chronie 

\ As rolled 

bb-O 

' 7r,-i 

b-0 

8*7 

— ■ 

steel 

3 per cent, nickel- 

1 j Normalized 

C7-2 

; 83-0 

14-0 

36-0 

364 

chronie, niediiim 

]^As rolled 

bO-l 

7()-9 

9-0 

18*4 

— 

carbon content 

steel 

j Normalized 

()7’8 

78-8 

1.3-() 

35-9 

340 

Higher carbon nickel- 

\As rolled 

57-0 

75-1 

8-0 

lG-2 

— 

chrome steel 

/Normalized 

1 77-5 

1 

85-4 

5-5 

14-8 

364 


Annealing. 

The process of annealing is usually understood to mean the 
reheating of a steel after mechanical treatment to a tempera- 
ture depending upon the nature oS the steel, but usually just 
below the critical point, followed by a slow cooling in free air 
or a badly conducting medium. Annealing usually occupies a 


* Messrs. Sandersons and Newbould’s steels. 
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much longer period of time than normalizing, and in many 
cases is a more elaborate process. 

The following is the Engineering Standards Committee’s 
definition of the term “annealing”: “Annealing means re- 
heating followed by slow cooling. Its purposes may be : 

“ (a) To remove internal stresses or to induce softness, in 
which case the maximum temperature may be arbitrarily" 
chosen. (6) To refine the crystalline structure in addition to 
the above («), in which case the temperature must exceed the 
upper critical range as in normalizing.” 

All metal parts which have been subjected to forging, 
stamping, rolling, and similar mechanical treatment should be 
annealed; micrographs of similar steels before and after such 
annealing reveal the beneficial 6‘ffects as shown by the more 
uniform and finer grain or crystalline structure. 

Figs. 135 and 145 show the effect of annealing in the case 
of air-hardening nickel-chrome steel, whilst Figs. 166 and 167 
show the beneficial effect upon the structure of annealing steel 
castings. 

The material in the annealed* state is in its most ductile and 
workable condition, and its tensile strength and hardness are 
at their minimum values; the material should therefore be 
machined in the annealed state. 

Annealing Processes. 

The objects to be annealed should be slowly heated up in a 
closed-in furnace or muffle, free from draughts, until the correct 
annealing temperature is attained (which is usually just below 
the critical point), when the temperature should be kept uni- 
form for several hours, the exact time depending upon the size 
and material of the object. 

Small low carbon steel objects when annealed in a box 
take from one to three hours; large alloy steel articles from 
three to eight hours. 

At the termination of the annealing period, the objects should 
be allowed to cool down very slowly either by (a) shutting 


For test results upon annealed materials see Chapters V. and VI. 
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off the furnace heat supply, and allowing the whole to cool 
naturally; or (b) burying the objects taken from the furnace 
in fine ashes, dry sand, sawdust, or lime, and allowing them to 
cool. 

Method (a) is the better, when it can be conveniently em- 
ployed, as it excludes the possibility of too rapid initii\l cooling 
and of uneven cooling due to draughts when withdrawing 
from the furnace to the cooling medium as in case (6). 

It is of great importance not to heat the steel to too high a 
temperature, or too rapidly, otherwise the grain will be found 
to be coarse. 

The period rccpiired for annealing steel castings* usually 
varies from 1 6 to 32 hours, and for malleable iron from 60 to 
120 hours, the temperature of annealing being 000° to 950° C. 
for the Reamur process, and 800° to 850° C. for the black-heart 
type of malleable iron. 

Box Annealing. 

The better nu^thod of annealing small and medium steel 
objects is known as the “ box annealing ” method, in which 
the parts are placed in a steel plat(^ or cast-iron box, lined with 
firebrick, and the whole gradually lieaLal to the annealing 
temperature, and after the stipulated period allowed to slowly 
cool. 

In all cases of annealing steed objects, care should be taken 
to prevent the access of air to the heated parts, otherwise 
surface oxidation or decarbonization will occur. In box 
annealing, the edges and openings of the box should be filled 
up with fireclay, and in many cases it has been found advanta- 
geous to fill the empty space in the annealing box with sand, 
fireclay, slaked lime, fine ashes, or charcoal; alternatively a 
little resin placed in the box is effective, and the other materials 
mentioned need not be used. 

When using cast-iron boxes it ia essential to prevent the 
steel objects from coming into direct contact with the sides of 
the box, as cast iron has a great affinity for carbon, and will 

* For fuller particulars, see p. 330 et seq 
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therefore tend to decarbonize the steel ; where such boxes are 
used, a layer of charcoal or liine, or a lining of fii^cbricks, must 
be used. 

A quick annealing process consists in heating the steel to a 
red heat (750° to 800° C.) an hour or so, then placing it in dry 
sand, lime, sawdust, or fine ashes, well covering it, and allowing 
it to cool slowly. 

Many objects can be conveniently annealed by heating them 
in a lead bath,* and allowing them to cool in sawdust. 


Handling of Heated Objects. 

When heated objects are removed from the hardening or 
annealing ovens, they should be gripped with heated tomjs, 
otherwise local cracks and hardness variations are apt to occur ; 
the tongs, or grips, should be heated at least to a black heat 
(350° to 400° C.). 

TABLE CXXI. 

Annealing Temperatures for Tool. Steels. 


Type of iSteel. 

Temper am re 
of A nmaliiig . 

Period. 

Remarks. 


° Cevt. 

" Fah. 

Hours. 


No. 1 temper, per cent, 

carbon 

720 

1328 

1 to 4 

Those temperatures 
should not be exceeded, 

No. 2 temper, 1^ per cent, 
carbon 

720 

1328 

1 to 4 

an<l tools should be 
box annealed. 

No. 3 temper, per cent. 

720 

1328 

1 to 4 


carbon 





No. 4 temper, 1 per cent. 

720 

132'i 

1 to 4 


carbon 





No. 5 temper, § per cent. 

750 

1382 

1 to 4 


carbon 





No. 6 temper, | per cent. 

770 

1418 

1 to 4 


carbon 

High-Speed Tool Steel. 





Tungsten 8 to 18 per cent. 
Chromium 4 to 5^ per 
cent. 

870 

1600 

to 

1700 

2 to 3 

Heat slowly so that tools 
take from 1 to 2 hours 
to attain annealing 

Carbon 1*8 to 0-7 per cent. 
Vanadium 0 to 0*29 per 

928 

1600 

to 

2 to 3 

temperature, then keep 
at same for 2 to 3 hours, 

cent. 


1700 


and allow to cool in 
furnace, or bury in 
sawdust, lime, dry 
sand, etc. 


The same precautions must be taken as those mentioned on p. 510. 
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Annealing Tool Steels. 

Table (!XX(. shows the temperatures recommended for 
the annealing temperatures of typical carbon and high-speed 
tool steels. 


Annealing of Cast Iron. 


The reaultH sliown graphically in Tig. 217 illuHtrate the effect 
of annealing east iron, such as that used for petrol engine 



Fig. 217.— Annealing Temperatures and Mechanical Properties of 
Cast Iron for Automobile Work. 


pistons, at different temperatures. * Apart from the beneficial 
effects of annealing, in removing casting stresses, and in improv- 
ing the structure, it will be seen that up to about 500° C. there 
is practically the same tensile strength and hardness, but that 

* R. T, Rolfe, Aeron. Journ,, 1917. 
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the impact value is markedly affected. Annealing from above 
about 600° C. the strength and hardness are seriously dimin> 
ished. 

Local Annealing of Hardened Parts. 

Hardened steel parts, such as case-hardened articles, 
Harvey ized* nickel or carbon steel plate, etc., may be softened 
locally by heating the place with an electric arc, or oxy- 
hydrogen flame. 

Armour plates with chilled surfaces are softened in this way 
for drilling purposes. 

The subject of local annealing is somewhat allied to that of 
local hardening; methods of local hardening case-hardening 
steels are considered at the end of this chapter. 

The Hardening of Steels. 

The effects upon the mechanical properties of carbon and 
alloy steels of specified hardening processes have been con- 
sidered in some detail in Chapters V. and VI., whilst the 
effects of hardening upon the micro-structure, and the con- 
stituents of steels, has been referred to in (yha])ter IV. 

By hardening is meant the process of heating a steid above 
its critical point and allowing it to cool at a givtai more or 
less rapid rate: in general, the quicker the cooling the harder 
and more brittle will the material become, and the slower the 
cooling the softer and more ductile will it become. 

The following is the Engineering [Standards Committee’s 
definition of hardening : Hardening means heating a steel 
to its normalizing temperature and cooling more or less 
rapidly in a suitable medium — e..g., water, oil, and air. 

Theory of Hardening. 

The effects of quenching or rapid cooling ot carbon and alloy 
steels have been alluded to' in Chapter IV., and the results may 

* The process of Harveyizing steel plate consists in covering it with 
carbonaceous material and heating to 850° to 950° for ftbout 120 hours, 
followed by water jet quenching. 
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be briefly summarized in stating that the effect of quenching 
or rapidly cooling steel from a temperature above the critical 
points (Ar^, Arg, and Ar^) is to arrest the transitional products 
or to retain the solid solution state,* so that in the case of 
medium and high carbon steels instead of allowing ferrite and 
pearhte to remain, other constituents such as^mgirtensite, 
austenite, troosite, etc., are obtained. When steel exists in the 
quenched state, the presence of these constituents increases 
the tensile, compressive, shear and yield strengths, and also 
the hardness, but in general tends to reduce the elongation or 
decrease the ductility. 

In the case of carbon steel containing from 0*3 to 0*4 per 
cent, of carbon, it is necessary, not only to raise the tempera- 
ture to the point at which the solid solution areas are formed, 
but also to ensure that the temperature is higli enough to cause 
the ferrite to disappear, or to dissolve in the solid solution. 
Figs. 135, 145, 164, 165, 176, and 177 show the effects of harden- 
ing upon the structure of steel. 

The correct temperature for hardening, or rather quenching, 
then, is that at which there is a homogeneous solid solution; 
this temperature is about 800° to 850° 0. for the steels men- 
tioned, but the true temperature for any steel depends upon 
the critical or change ^loints. Particulars of hardening 
tein])eratures for special steels are usually supplied by the 
manufacturers. 

The effect upon the constitutions of carbon steels ranging 
from 0*09 up to 2*5 per cent, carbon content, of quenching 
from, or above the Ar 3 , Ar^,, and Aiq points, is shown in Table 
OXXII. In all cases the quenching was drastic, that is to say, 
the cooling was very rapid. 

In the case of mild steel (0-09 carbon), the effect of lowering 
the quenching temperature from above Arg to below Ar^^ is to 
progressively reduce the amount of martensite, and to increase 
the ferrite content. . 

With high carbon steels there is no ferrite present at all. 

* See Fig. 144. 


:V2 
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Note . — The constituents are expressed in terms of volumes, the total volume in each case being unity. 



BrirLall Hcu-d>ve^s 
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Effect of Initial Temperature and Rate of Cooling. 

For any given carbon or alloy steel the degree of hardness 
will depend firstly upon the initial temperature at which 
cooling begins, and secondly upon the actual rate of cooling ; 
the effect of the size or mass of the object also has an effect, 
but this will be considered later. 

The subject of cooling rates was briefly dealt with in 
Chapter IV. and it was shown there that the more rapid the 
cooling the harder became the material. 



Fio. 218. — Effect of Initicl TEMrEUATURB, .and Cooling Rate upon 
TFiB Hardnes.s of Chromb Stekl. 

Similarly, within certain limits, the higher the initial te^npera- 
ture at which cooling begins the harder will be the steel. 

Fig. 218* illustrates the effects of both of these factors in 
the case of a chromium steel having the following composition : 

Carbon . . . . . . . . . . 0*63 to 0*04 per cent. 

Chromium .. .. .. .. (M5 per cent. 

The initial temperatures of cooling ranged from 1200'^ C. 
down to 836° G., and the rates of cooling from 2 to 20 minutes. 

* “ The Hardening and Tempering of Steel,” Prof. C. A. Edwards, 
Engineering, March 8, 1918. 
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The material was heated in the form of 1 inch cubeS; in an 
electrical furnace, and then cooled at various rates by placing 
in different parts inside or outside the furnace. 

The maximum hardness was obtained when the steel cube 
was cooled in 2 minutes from 1200° C., and was about 685 on 
the Brinell scale. 

When the cubes were cooled in air in the ordinary way from 
1000° 0. the hardness was 642, the specimen taking about 
half an hour to cool in still air upon an asbestos pad. 

The hardness, when the specunen was allowed to cool for 
one hour in the furnace, was 281. 

Heating of Objects for Hardening. 

It is important for hardening work to be able to obtain an 
uniform temperature in the furnace, to be able to control this 
temperature, and to have proper means for ascertaining the 
eorrect temperature at the place where the parts are being 
heated. A brief description of suitable muffles and pyrometers 
is given later. 

The principle to bo adopted in heating u]:> objects for harden- 
ing is to heat them sufficiently slowly to allow the tempera- 
ture to become uniform throughout the whole mass of the 
objects, otherwise, if heated too cpiickly the surface corners 
and projecting parts, such as the teeth eff wheels or cutters, 
become overheated, and when subsequently quenched, they 
become brittle and useless. 

Another effect of too rapid heating is to cause the objects 
to warp, or deform, owing to the different temperatures at 
different parts of the objects, causing unequal expansion 
stresses. 

It is also very important to avoid overheating steels of all 
kinds, as this causes oxidizing or “burning,” often with the 
formation of slag or impurities, the strength properties are 
reduced and cracks or even fractures occur during the quench- 
ing operation. 

The fracture of a burnt or overheated steel is white and 
crystalline, more particularly at the surface or edges. If the 
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steel is not at an uniform temperature before quenching, 
it is apt to crack during quenching owing to unequal 
contraction. 

The more intricate the shape and mass distribution of the 
material in an object, the gr(‘ater is the necessity of employing 
the correct temperatures, heating, and suitabh^ quenching 
media. 

Small objects can be effectively heated in a muffle, or 
smitli’s furnace by enclosing* in a wrought-iron })ipe, closed at 
one end, the ])ipe being n'peatedly turned during the heating 
process to ensure an uniform temperature.* 

Hardening Processes. 

It is only possible to consider a few typical examples of 
hardening processes here, owing to the very large nionbt'r of 
hardening steels now upon the market, each with its own 
recommended heat treatment. 

The process of hardening consists in slow'ly and uniformly 
heating the part to a temperature above the critical point> 
and allowing the whole mass to attain this temperature, after 
which the ]jart is cooled at a more or less rapid rate to a given 
temperature. 

For the maximum hardness the most rapid cooling in a 
low temperature medium, which can (piickly absorb, dissipatii, 
or conduct away the heat of the stei'l part, is necessary; the 
quenching media in such cases are mercury, oil, brine, or 
water at about atmosplierif; temperature. For example, a 
piece of high carbon, or '' cast steel,” heated to about 800° C., 
and quickly plunged into a bath of cold water, will attain a 
glass-hardness, and at the same time a high tensile strength 
with low elongation. 

Where the quenching is not required to be so violent, warm 
water, oil, or brine baths arc employed. 

In some cases the jiarticular steel treated would be too 

* Table No. CXXXIX,, p. 556, gives the colours, as seen by the eye, 
corresponding to the different temperatures of heating, forging, hardening, 
and other heating processes. 
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brittle if quenched in the above manner; the air blast is em- 
ployed in such cases as the cooling medium. 

A rapid cooling effect can be obtained with mercury as the 
quenching medium owing to its high thermal conductivity. 
Very small objects such as watchmakers’ drills are hardened 
by heating to redness and plunging into j)itch or sealing wax ; 
others are merely waved about in the air to harden. 

Effect of Mass upon Hardness of Objects. 

The effect of “ mass,” that is to say, the bulk or size of the 
object to be hardened, has an important bearing upon the 
process and the results, for large solid objects when quenched 
cool from the outside inwards at a given rate, whereas in the 
c^ase of small objects of the same material the heat is conducted 
away much more quickly, and the effect of a higher cooling 
rate is obtained. It is therefore more difficult to correctly 
harden large masses, and in many cases the micro-structure 
and mechanical properties vary considerably from the outside 
to the centre. 

The effects are most marked for large masses when the 
quenching is most drastic; for example, the results may be 
quoted of tests* upon exactly similar steel cubes, each of 18-inch 
side, heated gradually to tht‘ same uniform temperature of 
C. throughout their whole mass, and then allowed to 
cool in the following ways: (a) upon knife-edges in air, (5) by 
plunging in oil, and (c) by plunging in cold water. The air- 
cooled cube was found to give uniform strength results through- 
out its whole mass. 

The oil-cooled cube, which was found to cool fairly rapidly, 
gave a higher tensile strength and lower elongation than in the 
case of the air-cooled one, and these properties were fairly 
uniform throughout the mass. 

The water-quenched cube cooled much more rapidly than 
the other, and the tensile strength and elongation were found 
to vary considerably from the centre to the outside. It was 
noticed that there was an important difference between the 

* “ The Effect of Mass,” E. E. Law, Proc. Iron and Steel Institute, 1918. 
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cooling in oil and that in water, there being a sudden slowing up 
in the '‘cooling in oil” case in the lower ranges of temperatures 
as compared with the cooling in water. The time required for 
the centre of the cube to cool from 900° to 540° C. was almost 
the same in both cases, but in the cooling from 540° to 
315° 0. the cube in oil took nearly twice the time, aed from 
315° C. nearly four times as long. The differences wTro even 
greater for the outside of the cube. 

It should be remembercxl that with largo or complicated 
shapes in which different parts cool at different rates, internal 
stresses are very apt to occur, during cooling; in general, and 
as the above results prove, large and intricate parts should 
not be quenched in cold water, but in hot water, oil, or air. 
Fragile and large objects are frequently hardened by quenching 
in tallow, brine, or lime, or in warm water first, and finished 
in oil. 

Tools, dies, and parts of complicated shape may be partially 
quenched in water until they have fallen in temperature to a 
black heat, and then plunged into hot water or oil; in this 
manner hardening stresses are avoided, and the risk of distor- 
tion minimized. 

A method* adopted for hardening milling cutters and 
irregularly shaped articles, which are liable to crack or to 
warp, is to quench in warm water at from 30° to 38° C., or in 
a bath of water with an oil layer on top. 

Hardening oi Cast Tool Steels. 

The most suitable temperatures for steels of different carbon- 
content for forging, annealing, and hardening are given in Table 
LX. upon p. 335, and in this connexion it should be empha- 
sized that the correct forging temperature for a given steel is 
always higher, by some 70° to 150° C., than the hardening 
temperature. Tool steels after forging should first be allowed 
to cool slowly (or annealed), and then heated up again for 
hardening; they should not be forged and hardened in one 
operation. 


* Messrs. G. P. Wall, Sheffield. 
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Tool steels should be slowly heated up in a closed muffle 
with proper heat regulation means, and should not be heated 
beyond the lowest temperature at which they will harden, 
otherwise the best results will not be obtained. 

After the correct temperature for hardening has been attained 
the parto are sometimes withdrawn from the furnace and 
allowed to cool slightly before quenching. 

It is advisable to take the chill off the water before quench- 
ing, leaving the water at from 15° to 25° C. for tool steels, and 
during quenching the part should be moved about in the water 
to promote better cooling. 

Long slender objects, such as tubes* or rods, should be 
quenched in a vertical position in a warm bath. 

Parts having hollow shapes, such as partially drilled objects, 
holfow cylindrical shapes with one end closed, hollow milling 
cutters, dies, and similar objects should always be quenched 
with the open side uppermost, in order to allow the steam to 
escape, otherwise it would prevent the hardening medium from 
coming into contact with the hollow })ortions of the object, and 
cause softnessf there. In the case of objects of varying thick- 
nesses, the thickest parts should enter the quenching medium 
first. 

When parts are quenched they should be held, or rather 
moved about, in the liquid, until such time as they arc quite 
cool ; they must not be thrown in and allowed to fall to the 
bottom, otherwise the lower surface parts near the bottom will 
not cool as quickly as the other portions, and unequal cooling 
stresses and warping may occur. 

Steel objects having holes in them are apt to crack during 
hardening unless carefully attended to; it is often advisable 
to plug holes which do not require to be hardened with soft 
iron rod or fireclay. 

The process of hardening requires much skill and experience 
on the part of the individual, but the results obtained are now 
rendered more reliable and uniform by employing proper 

* See also p. 416. 

t This is the principle of a local softening process for hardened parts, 
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thermometric devices for temperature control and measure- 
ment. 

Edge or End Hardening. 

In many cases the end of an object only requires to be very 
hard, whilst the body is left more or less soft ; exam^)les are to 
be found in the cases of most cutting tools, knives, lathe and 
machine tools, chisels, and similar objects. 

The method usually employed is to heat the end to be 
hardened to the proper hardening temperature, say to a cherry- 
red heat (760° C.) and plunge the whole object into a suitable 
cooling medium, the hottest part entering first. The hardness 
will be found to j)rogressively diminish from the edge or end 
inwards. 

By withdrawing when black hot from the quenching liquid 
and quickly cleaning with emery paper or bath brick, a series 
of oxide film colours will be seen to be travellling down the 
object, ranging from a white colour near the end through a 
series of yellow, straw brown, purple, and blue colours; each 
colour corresponds to a definite t(‘mperature* and if the object 
is quenched when any particular colour is at the edge or end 
the hardness will correspond to the temperature or colour. 

The whitest colour is the hardest and strongest, and th(^ 
blue colour corresponds with the softest, most ductile state. 
This process is in reality one of hardening and tempering com- 
bined, and the same effect would be obtained by quenching 
right out. and then reheating to the same colour or temperature 
and quenching again. 

Salt Baths for Hardening and Tempering Steel. 

In some cases it is found to be; more convenient to heat steel 
objects in molten salts, and to temper other steels in such baths. 
Table CXXIII. gives the temperature ranges and applications 
of a few typical salt baths. • 

It may be here added that combined hardening and temper- 
ing may be accomplished with such baths. 


* Table CXXVIIL, p. 512 
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TABLE CXXIII. 

Compositions of Salt Baths for Heating Steels. 


Type of iSteel. 

' Temperature 
JRauye. 

Composition. 

Ordinary tool steels, 

750" to 

Barium chloride, 3 parts; potassium 

etc. 

850° 0. 

chloride, 2 parts.* 

High - speed steels, 
etc. 

1050° to 
1500° C. 

' Chemically pure barium chloride. 

1 

Ordinary steels 

i Below 

1 750° C. 

Sodium chloride, or a mixture of 

1 sodium chloride and pota.ssium ehlor- 
1 ide (liquid at 670° C.). 

Tempering .steels . 

1 Below 

580° 0. 

I Equal parts, potassium nitrate aiul 

1 sodium nitrate. 


Tempering. 

The process of tempering, or pcartially softening, har(]en(‘d 
objects consists in reheating to a (certain definite temperature 
and qmaiching; the; higher the tem[)eratures of reheating, the 
softer will be the material, and the more nearly will it approach 
its annealed state. 

The following is the J^higinecuing Standards Committee’s 
definition of tempering : Tempering means heating a steel 
(however previously hardened) to a temperature not exeecding 
its carbon change point with the object of reducing the hard- 
ness or increasing the toughness to a greater or less degree. 
The operation may usually be followed either by slow cooling 
or water-quenching without materially affecting the final 
result. 

The effect of teinpering a hardened steel is to break down 
the hardened state of steel, and to transform the “ hardening ” 
constituents into others corresponding with the softer condi- 
tions It should be remembered that the higher the tempering 
temperature, the more unstable become the transition consti- 
tuents, until at the critical change points complete instability 
or breakdown occurs, leaving jbhe metal in its softest condition. 

The following table shows the effect of tempering 1-57 per 

* Por lower temperatures the amount of the latter compound should be 
increased. 
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cent, carbon steel at different temperatures, upon the consti- 
tution of the metal; it was found that the heating curve of 
this steel showed three accelerations, at 275° C., 400° to 
500° C., and at 610° to 700° C., and the tempering temperatures 
were chosen accordingly : 


TABLE OXXIV. 

Effect of Tempering upon the Constituents of 1-57 
CarboI^ Steel. (Osmond.) 


Method of Heat 
TreMtinent. 

, Tent pen III/ 
Colour. 

Quenched from lO.W’ {'. 


in iced water 


Quenched from 1050" (' , 

Pai(‘ 

and tempered at 275"(t 

yellow. 

Quenched fiom 1050" (t, 

Blue 

and temperf'd at 305"C. 


Quench(!d from 1050" (' , 

Dark 

and tem])ered at 40.5"( ' 

blue 

Quenched from 1050" (' , 

— 

and tempered at C20"(l. 


Annealed 

i 


Condition of Stnirtuie. 


Austomte with sinallor amount of 
hardemti; present as barbed stnaiLs 
or lamiiue, wliieh cannot be 
scratched with a needle. 

Austenite and hardenite; the latter 
can be slightly scratched with a 
needle. 

Austenite and hardenite.; both can 
bo readily scratched with needh^. 
Austenite residue covered with 
numerous s])ots and cleavages, 
]>arallel to needles of hardenite; 
greater pro])ortion of latter. 

Martensite and troosite with cement- 
I ite. 

j Chiedy sorbite and cementite. 
j Cenu'iitite and pearliti'. 


Effect of Tempering upon Strength Properties, 

It is now becoming the practice for high quality steel manu 
facturers to supply tempering-hardness and strength curves 
with their steels in order to enable the user to vary the heat 
treatment, so as to obtain any particular strength or hardness 
property with the material, and to know' within what limits of 
temperature to w'ork to a given specification. 

These charts enable the full •range of usefulness of the 
materials to be realized. 

Charts for nickel-chrome and chrome-vanadium steels are 
given in Figs. 168, 169, and 170, and these show clearly the 
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effect of the tempering temperatures upon the mechanical 
properties of the steels. 

Fig. 219, A, B, and C,* show the effect of temperatures of 
tempering upon the Brinell hardness of chromium and chrom- 
ium-tungsten steels of the compositions indicated in the 
diagrams. 



Fio. 219. — Effect of Tempering Temperatures upon the Hardnf^.s of 
Alloy Steels. 


Tempering Processes. 

With a knowledge of the correct temperatures for specified 
strength requirements, it is possible to heat the objects in a 
mixture of salts, lead alloys, or oil to the desired temperature 
with a fair degree of accuracy. There is now a considerable 
number of tempering nii(xtures of lead and tin alloys, and of 
other fusible alloys, the melting points of which are known 
accurately, so that, unless these mixtures are over-heated 
after melting, it is a fairly easy matter to temper at any desired 
temperature. Tables CXXV., CXXVI. and CXXVII. give the 
melting points of different mixtures ejnployed for tempering 


See footnote, p. 499. 
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baths ; it will be seen that in the case of the lead-tin mixtures, 
that the melting point increases with the proportion of lead. 
The melting point of lead is 327° C., and of tin 232° C., that 
of bismuth being 269° C., antimony 630° C., and zinc 418° C. 


TABLE CXXV. 

Melting Points of Alloyo. 


PercentaAje Com'position. . 

Meltimj 
Point 
° C. 

Percentage Composition. 

Melting 

Point. 

" C. 

Tin. 1 

LeMd. Bismuth. 

Tin. 

Lead. 

\ 

Bismuth. 

18-8 

31-2 1 

50-0 

34 

50-2 

33-2 

I(r6 

158 

17*7 i 

35-5 1 

47-0 

98 

48*0 

30-0 

► 16-0 

1.55 

15-8 

42-1 1 

42-1 

108 

45-9 

38-8 ! 

15-3 

1.54 

20-0 1 

4(>() 1 

1 40-0 

113 

45-0 

40-2 

14-8 

153 

27-0 

3()-5 

3(5- r> 

117 

43-0 

43-0 

14*0 

1.54 

8:h3 

33-3 

33-3 

123 

41-5 

44-8 

13-7 

100 

30*8 

38-4 

30-8 

130 

40*2 

40- () 

13-3 

105 

28- f) 

43-0 

28-5 

132 

38-2 

43*0 

12*8 

172 

25-0 

50-0 

25-0 

143 

37-5 

50'0 

12*5 

178 

23-5 

47-0 

23-5 

If)! 

41-5 

40*8 

11-7 

107 

33-4 

44-4 

22*2 

143 

43-0 

45-() 

1 11*4 

105 

37*0 

42-() 

21-0 

143 

44-4 

44-4 

11-2 

100 

40-0 

40-() 

1 2()-0 

145 

40-0 

43-2 

10-8 

159 

43-I) 

38-0 

13-0 

148 

47-5 

42-0 

10-5 

100 

45-7 

3r)*2 

i 18-1 

151 

43-8 

41-0 

10-0 

1 101 

48*1 

1 34- (5 

1 17-3 

1 

1.55 

50*0 

40-0 

1 

10-0 

102 


TABLE CXXVI. 

Melting Points of Lead-Tin Alloys. 


Composition. 

Melting Point 
° C. 

i 

Composition. 1 

Melting Point 
° C. 

Lead. 

Tin. 

Lead. | 

1 

Tin. 

100 

0 

327 

32-5 

1 

67' 5 

180 

1 

* ' 

(pure lead) 



(lead-tin 

90 1 

10 

290 



eutectic*) 

80 j 

20 

265 

30 

70 

182 

70 I 

30 

250 

20 

80 

195 

00 

40 

235 

10 

90 

210 

50 ^ 

50 

218 

0 

100 

232 

40 

00 

200 



(pure tin) 


* Lowest molting point of the lead-tin series. 
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TABLE CXXVII. 

Melting Points of Lead- Antimony Alloys. 


Composition . 

Melting Point 
° C. 

Composition. 

Melting Point 
° C. 

Lead, 

Antimony. 

Lead. 

Antimony. 

100 

0 

327 

60 

40 

356 



(pure lead) 

50 

. 50 

402 

90 

10 

250 

40 

60 

448 

87 

1.3 

228 

30 

70 

493 



(lead-antiTUony 

20 

80 

539 



eutectic) 

10 

90 

582 

80 

20 

260 

0 

100 

630 

70 

30 

310 



(pure antimony) 








Lead baths are frequently employed for tempering steel 
articles, the objects being placed in the lead bath after a ])re- 
liminary warming up; the temperature of the molten lead can 
be raised from 327° C., its melting point, to most of the temper- 
ing temperatures required in pr.ac^tice ; it is not of cours(' suit- 
able for hardening steels. 

Precautions Necessary. 

It is necessary to prevent the lead from sticking to the metal 
objects by coating them with any of the pastes available for 
the purpose. 

The following materials are recommended* for this purpose : 

(а) Soft soap, 

(б) Saturated salt water solution. 

(c) Blacklead and water paste. 

• {d) Pulverized charred leather, 1 pound ; fine flour, 

1-| pounds; 2 pounds fine salt; mix together and 
water gradually to a varnish consistency. 

It is necessary to thoroughly dry the coated parts before 
placing in the lead bath. t 

The lead bath must be kept stirred, otherwise the lower 
, parts become hotter than the top, owing to heat conduction. 
The objects after heating for a period depending upon their 
♦ Messrs. G. P. Wall, Sheffield. 
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size and shape, but usually varying from one to three hours, 
should be cleaned from any lead adhering with a wire brush 
(otherwise soft spots will occur), and quenched or cooled in 
water wLich is free from acids or alkalies. Charcoal in pow^ler 
form is used for sprinkling over the surface of the lead, to 
prevent the dross formation; the lead itself must joure and 
free from arsenic and sulphur. Many objects, where suitable 
for the method, are simply cleaned and temp(‘r('d by heating 
of a “heating plate'’* until the desired temperature, as 
indicated by the colour of tlu' oxide film, is attained, and 
quenched. 

►Small objects are sometimes tempered in a hot sand bath 
provided with a pyrometer. 

Change of Volume due to Hardening and Tempering. 

Th(^ specific gravity of steel varies with its hardness, or 
in other words with the nature of the heat treatment 
process. 

In general, the volume is in(;reas(‘d by hardening and re- 
duced by subsequent tempering. Thus on hardening stec^l 
bars 4 inches long by ‘ inch diameter, tlu^ haigth was found! to 
increase by from O-OOOl to 0*0014 inch, and the diameter by 
0 0003 to 0*0036 inch. 

On tempering, the length deereased 0*0017 to 0*0108 inch as 
com])ared with the original 4 inches, and tlu‘ diameter was 
incH'ased 0*0003 to 0*0020. 

The changes in volume of case-hardened steels is considered 
on p. 525. In the case of high-speed tungsten-chromium steel 
th(^ following values were obtained .| 


Tempering Tern- 

0 

100 j 200 

:u)0 

400 

500 

600 

700 

peraturc ° C. 
Brinell Hardnes.s . . 

700 

680 ! 670 

65.5 

650 

640 

750 

500 

Specific gravity . . 

|8*()7 

|8-685 ,8*680 

1 

8*688 

8*680 

8*690 

8*620 

j8*640 




• - — 

— - -- 





* Heating plates should be gas-hcated and under comi)lete temperature 
control. 

f J. E. Storey, Amer. Mach., February 20, 1U08. 

J Prof. C. A. Edwards. 
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TABLE CXXVIII. 

Tempering Colours and Temperatures. 


Colour. 

° C. 

° F. 

Temperature Suitable for Tempering — 

Dark blue , . . 

300 

572 

Springs;, wood saws. 

Full blue .. 

295 

563 

Circular saws for metal; screw-drivers. 

Very dark pur- 

290 

554 

Cold chisels for iron ; needles. 

Dark purple . . 

285 1 

545 

Moulding and planing cutters for soft wood; 
cold chisels for cast iron; iirmer chisels. 

Full purple . . 

280 

536 

Bone and ivory .saw.s; cold chisels and setts 
for steel gimlets. 

Light purple. . 

275 

527 

Axes, hot setts and adzes; dental and sur- 
gical instruments, pressing cutters. 

Brown purple 

270 

518 

Augers; flat brass drills; twist drills; coo])ers’ 
tools. 

Reddish brown 

265 

509 

Wood boring tools; stone cutting tools. 

Yellowish 

brown 

260 

500 

Plane irons, gauges; ])laning and moulding 
cutters; punches and dies; cups, snaps, 
and shear blades. 

Yellow brown 

255 

491 

Planing and moulding cutters for hard wood ; 
penknives, chasers. 

Very dark 
yellow 

250 

482 

Taps; mill chisels and picks; screw-cutting 
dies; rock drills. 

Dark yellow . . 

245 

473 

Boring cutters; leather cutting dies; reamers. 

Dark straw . . 

240 

464 

Milling cutters, bone cutting tools; drills; 
wood-engraving tools. 

Straw 

235 

455 

Iron -[ilaners; ])aper cutters; ivory cutting 
tools; steel iilaners. 

Pale straw . . 

230 

446 

Hammer faces, brass screwing dies. 

Light straw . . 

225 

437 

Inght turning tools, steel-engraving tools. 

Very light 
straw 

220 

428 

vScra])ers, lathe tools for brass. 


Case-Hardening. 

Case-hardening consists in giving to a low carbon content, 
mild, or low carbon alloy steel, an extremely hard surface, or 
case, by carburizing, or increasing the carbon content of the 
surface to from 0*90 to 1-10 per cent.* This process enables 
parts to be readily machined prior to hardening, but to 
possess high wearing endurance, combined with a tough 
and ductile core; it avoids the brittleness of certain of the 
hardened high carbon and alloy steels, whilst retaining a 
surface hardness of equal quality. 

The process of case-hardening consists in packing the parts 
in air-tight iron boxes, filling all vacant spaces with a suitable 
♦ Recommended for the best results. 
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carburizing mixture — that is, a mixture rich in carbon, such as 
charcoal, bone-black, leather, horn-parings, etc. — and heating 
the whole to a temperature of about 875° to 950° C., at 
which temperature they are maintained for a period varying 
from four to twelve hours, according to the depth of case 
required. 

The articles are then either quenched upon withdrawal from 
the box in cool water, or are allowed to cool down in the box, 
then reheated to 750° to^ 780° C. and quenched, or reheated 
twice and quenched first, at about 800° to 820° C., and, secondly, 
at from 750° to 780° 0.; the particular procedure adopted 
depends upon the purpose for which the part is required. 

Theory of Case-Hardening. 

Considering the case of a mild carbon steel, it is evident 
that when a temperature of about 900° C. is attained the 
constitution of the steel will have become a homogeneous solid 
solution of carbide of iron in iron. For each carbon content 
steel there is a definite minimum t(^mperature, above which 
the carbide of iron jDasses into solution with the iron; generally 
speaking, for the low and medirtm steels the higher the carbon 
content, the lower will be the temperatures of solution. 
Table CXXIX. shows the approximate temperatures of 
solution for carbon steels of different carbon content. 


TABLE CXXIX. 

Tempeeatures at which Ferric Carbide passes into 
Solution in Iron for Carbon Steels. 


Percentage of carbon 

1 

015 

1 0-30 

0-50 ■ 

0*60 

0-70 

Temperature ° C. 

885 

830 

780 j 

765 

750 

Percentage of carbon 

0-90 

1-00 

1-10 , 

1-20 

- 

Temperature ° C. . . 

740 

780 

• 

820 

860 ! 

— 


As the percentage of carbon increases from 0-90 the forma- 
tion of free cementite occurs, and the temperature again rises. 
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In the case of a low carbon content steel, at about 900° C.* 
the solution of carbide of iron in iron is a dilute one, capable of 
taking up or of dissolving much more carbon or carbide of 
iron than it originally contained. If, then, this steel is placed 
in contact with a suitable carburizing agent, whether solid, 
liquid, or,- gaseous, carbide of iron is formed therefrom, and is 
dissolved and diffused into the steel ; it is now generally believed 
that the chief agents in affecting carburization are the carbon 
containing gases such as carbon monoxide and carbon dioxide, 
generated within the carburizing medium. 

The carbon content of the “ case ” can be controlled to a 
large extent by regulating the cementation temperature and 
the composition of the carburizing medium, whilst the depth 
of the case is governed by the period of time* during which the 
cementation temperature is maintained. For any given steel, 
these factors must be determined by experience, or by making 
preliminary tests. 

When the steel has been in the carburizing medium for a 
sufficient length of time, it will consist of an outer case, or shell, 
of a solid solution rich in carbon, and an inner core of solid 
solution low in carbon; if the process has been properly 
carried out, there will be a gradual transition froiu one to the 
other. 

If the steel is now allowed to gradually cool down, it will be 
found to consist of an outer shell of pcarlite or pearlite and 
cementite, with an inner core of ferrite and pearlite, the former 
being in excess. The ferritic structure of the core is left rather 
coarse by the carburizing operation, so that it is advisable to 
reheat the articles to a temperature of about 850° to 900° C., 
and to cool them from this temperature; this process is 
somewhat analogous to normalizing, for it refines the structure 
by diminishing the size of grain. 

The Structure of Case-Hardened Steel. 

The next operation — namely, that of hardening the carburized 
steel part — consists in a single or double quenching from a pre- 

* Termed the '"cementation temperature.” 
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determined temperature, and it leaves the steel in the condition 
of possessing a ferritic or ferritic-and-pearlitic core, or interior, 
with an outer case, or shell, of pearlite and cementite. 

The structure of a case-hardened mild steel can be examined 
microscopically, and it can at once be seen whether the case 
is rich or poor in carbon, and to what depth it has p<?netrated. 
Fig. 220 shows a typical micrograph of case-hardened mild 
steel. 

A convenient method** for examining this steel is to polish 
in the usual manner, after heating in charcoal powder to about 



Fig. 220 . — Microphotograpii of Case-Hardened Mild Steel, x 25 . 


760° C. (just above the recalescencc point) and allowing to 
cool slowly; this process will not carburize the metal but will 
convert the carbon of the hardened steel into the pearlitic 
condition. By etching, after polishing, with a strong acid, 
the depth of the carburized layer and the approxipiate carbon 
content may be readily ascertained. Alternatively the speci- 
men may be ground at right angles to the surface, polished, 
and acid-etched, when the high carbon, or hardened layers, 
will appear as dark portions gradually merging into thu lighter 
parts of low carbon steel, as shown in Fig. 220. 


* Osmond. 
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Effect of Time and Temperature upon Depth of Penetration of 
Carbon. 

The subject of the diffusion of carbon into iron and mild 
steel has been studied by many authorities ; it will suffice hero 
to quote from some of the results of Guillet’s* researches. 

He found that in the case of both steel and iron the depth of 
penetration of the carburizing carbon was the same, when 
both were subjected to eight hours’ treatment at 1000“^ 0., 
although the steel eontained 0*5 2:)er cent, carbon. 

The effect of time upon the depth of carbonization for iron 
heated at 1000“ C. is shown by the following table : 

TABLE CXXX. 

Effect of Carburizing Period upon Depth of Carbon 
Layer. 


Tone. 

Depth of 
Penetration. 

Time. 

Depth of 
J'eneDatwn. 

Hours. 

Mm. 

Hours. 

Mrti. 

h 

0*5 

4 


1 

0*8 

0 

2*0 

2 

DO 

8 

3-0 


The effect of temperature, when iron was carburized for eight 
hours is shown by the following results: 

TABLE CXXXI. 

Effect of Carburizing Temperature upon Depth of 
Carbon Layer. 


Temperature, 

° C. 

Depth of 
Penetration. 

Tempeiature, 

a. 

Depth, of 
Penetration. 


Mm. 


Mm. 

800 ' 

0-5 

950 

* 2-8 

850 

1-0 f 

1000 

I 4«2 

900 1 

1-6 

1050 

5-2 

925 

2*0 




* “ Memoires de la Society des Ingenieurs Civils de Franco,” 1904, 
p. 177. 
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Temperatures and Processes of Hardening. 

When the initially carburized part is reheated to about 
730° to 750° C. the whole of the case, or shell, together with the 
pcarlitic areas of the core, will attain the solid solution state. 
This is a very suitable condition to quench in, as it gives 
hardened case with a mininiuin section of area of hardened 
material in the core. 

If the temperature be, raised to 800° C., the whole of the 
core will have become a homogeneous solid solution capable of 
being hardened, so that if quenched in this condition the core 
will be much tougher and harder, and will consist of a matrix 
of hardened steel with soft iron “ inclusions,” whereas in the 
former case it will consist of a matrix of soft ferrite with 
hardened steel “ inclusions.” 

It will thus be evident that the mechanical properties of the 
core will vary widely with the quenching temperature. If 
the hardening temperature is too low, “ soft spots ” in the 
parts will bo apt to occur, due to a local breaking down of the 
solid solution state. 

Table CXXXI.a shows the properties* of a low carbon 
steel, in different conditions, of the following composition: 

Carbon .. .. .. .. .. . 0*17 per cent. 

Silicon . . . . . . . . . . . . 0*08 ,, 

Sulphur . . . . . . , . . . . . 0-05:3 ,, 

rhosplioruH . . . . . . . . . . 0-056 „ 

Manganese . . . . . . . . . . 0*85 ,, 

The case-hardening processes upon this material in the form 
of I -inch bars, carburized for about two and a half hours in a 
box, are indicated in the table, but it may be added that in 
Condition A the carbide in the case and core can dissolve at the 
temperature stated (900° C.), provided that a large excess of 
cement ito is not present, but the case becomes overheated and 
is therefore crystalline, as shown by the high tensile strength. 

The structure in Condition B is refined, due to the reheating 
after quenching, whilst in Condition C the core becomes norma- 

* “Commercial Steels and their Heat Treatment,” J. B. Hoblyn. Proc. 
Inst. Aut. Engrs., May, 1918. 



TABLE CXXXI.A. 

Properties of Mild Carbon Steel in Different Case-Hardened Conditions. 
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lized, due to the slow cooling from 900° C. in air, and the re- 
heating to 770° 0. refines the case. 

Condition B, which is obtained by the process of double 
quenching, is the one which is usually recommended in practice, 
the material then being in about the most satisfactory condition. 

Tf the cementation temperature bo too high, the cj^se will be 
found to contain a high carbon content, and will be harder, 
but more brittle. 

Fig. 221* shows some typical fractures of case-hardened mild 
steel, the depth of the casing being clearly illustrated. 

Tt is advantageous to temper case-hardened parts in oil at 
about 120° C., in order to relieve quenching stresses. 

The following methods of heat-treating case-hardened parts 
are recornni ended f for the purposes stated: 

1. For Parts not subjected to Shocks . — Quench the parts im- 
mediately on withdrawal from the box. Reheat to a cherry- 
red (780° C. or 1436° F.) and quench again. This reheating and 
quenching r(‘fines the surface. 

2. Allow tlu^ boxes to cool, then take out the parts and 
reheat to a cherry-red (780° 0. or 1436° F.) and quench. 

3. For Maximum Strength and Toughness . — Allow the 
articles to cool in the boxes, tluai take them out, and reheat 
to a full cherry-red (810° C. or 1400° F.) and quench. Reheat 
to 760° to 780° C. (1400° to 143()° F.) and quench again. 

4. For articles that are liable to warp, the following modifi- 
cation in the previous treatment may be made: 

Allow the parts to cool in the boxes, reheat to a bright red 
(900° 0. or 1652° F.), and allow to cool in air, then reheat to 
760° to 780° C. (1400° to 1436° F.) and quench. Oil-quenching 
is often substituted for water-quenching, but the case obtained 
is not so hard, although the risk of distortion is lessened. 

Case-Hardening Methods. 

The articles to be casc-hardened^hould be well packed with 
the carburizing materials in air-tight iron boxes, using fire- 
clay to make the joints tight. 


* Messrs, Vickers, Ltd. 


I Messrs. G. P. Wall, Sheffield. 
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Fig. 221 . — Fractures of Case-Hardened Mild Steel Bars. 

The bottom of each box should be covered to a depth of at 
least 1 inch with the carburizing material ; the articles should 
then be placed in rows with at least 1 inch space between each 
article, and between the articles and the sides of the box. The 
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whole space between the parts and the sides of the box should 
then be filled with carburizing material; several layers of 
articles may be employed. 

The most usual carburizing period is from four to six hours, 
the time being taken when the boxes and contents have 
reached the correct cementation temperature; ^he usual 
temperature is about 900° C. 

The progress of the carburizing process may be ascertained 
by inserting test wires 6f the same material as the parts 
through the lids of the boxes; these wires are withdrawn at 
intervals and quenched or heat-treated in the same manner as 
the articles are finally treated. The fractures of these wires 
are examined microscopically, and the depth of carbon pene- 
tration observed. 

Influence of Furnace Atmosphere/’ 

It is of great importance to prevent oxidation of the heated 
parts, which would, of course, cause decarbonization of the 
metal; for this reason the ingress of air should be prevented 
to the casing boxes. 

The most successful case-hardening processes employ a 
rerlucing atmosphere, in which the articles are in contact with 
gases, such as carbon monoxide or dioxide, either stationary 
or passed along as a gas-stream. In the latter case, the period 
of the process is appreciably reduced. 

Influence of Manganese, Nickel, etc. 

It is well known that the presence of manganese in steel is 
beneficial in removing or reducing the effects of sulphur and 
phosphorus, by deoxidizing them, but the manganese should 
not be present in more than 0-5 per cent., otherwise, apart from 
its deoxidizing properties, it lowers the impact value of the 
steel. The amount of sulphur present should be as small as 
possible. * 

The effect of nickel in a steel is to lower the temperature at 
which the carbide of iron goes into solution with the ferrite, or 
iron, and also to lower the temperature at which it separates 
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out of solution. For this reason cementite does not form so 
readily in the case, as with carbon steels, and, further, during 
the cooling of cemented parts, the ferrite in the core must be 
cooled to a much lower temperature before it can throw out 
the carbide in solution during the cementation process. Thus, 
instead of the usual 900° C. required for mild steel, a tempera- 
ture of only about 740° 0. is required for the carbide in 
3 per cent, nickel steel of low carbon content to pass into 
solution. 

Nickel case-hardening steels are therefore usually found to 
give a better gradation from the case to the core than with 
carbon steels, and as there is a reduction in the amount of the 
fn^e cementite present, the case is not so brittle, and the parts 
themselves can withstand shock much better. 

Table CXXXII. gives the mechanical properties* (when car- 
burized and treated as specified) of a 3 per cent, case-harden- 
ing nickel steel of the following composition : 


Carbon . . 

Silicon 

Sulphur 

I’hosphorus 

Manganese 

Nickel 


0*10 per cent. 

O'lT) to 0*20 per cent. 


0 - 02 ;) 


0-025 

0-50 

2-8 to .3-2 


Case-Hardening Mixtures. 

For thin cases, for iron and mild steel, the parts are heated 
to about 900° 0. (full to bright red heat) and sprinkled with, or 
plunged into, a finely powdered mixture of one or other of the 
following mixtures, reheated for a short time to enable the 
mixture to melt and run, and finally plunged into cold water. 

(а) Potassium cyanide. 

(б) Potassium ferrocyanide. 

(c) Potassium ferrocyanide and potassium bichromate. 

{d) Sodium ferrocyanide, 90 parts; anhydrous sodium 
carbonate, 10 parts. 

The case obtained with these materials is very hard, but not 
very deep. 


* J. B. Hoblyn. 



TABLE CXXXII. 

Properties of 3 per Cent. Xickel Case-Hardening Steel under Different Heat Treatment Conditions.^ 
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t Brinell No., the other values being Scleroscope Nos. 
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For more deeply carburized parts the following materials 
are suitable : 

(e) Wood eharcoal. 

(/) Animal charcoal (bone). 

(g) Leather, bone, and horn parings crushed. 

{h) Lamp black and bone black. 

[i) Barium carbonate, 40 per cent. ; charcoal, 60 per cent. 

(Guillct’s mixture). 

[j) Wood charcoal, 05 per cent. ; soda ash, 5 per cent. 

[k) Wood charcoal, 90 per cent. ; common salt, 10 per cent. 

Tabic CXXXIIT. shows the relative carburizing merits 
of different materials* as expressed by the ratio of the total 
volume of the case to that of the initial volume of the 
material. 

TABLE CXXXllI. 

Relative Cajiburizing Merits oe Difeerent Materials. 


Material. 


Total Ca,sc ['olnine 
Volume oj Mixture. 


1. Anthracite, 75 per cent; oil, 25 per cent. .. i 0*0000 

2. Anthracite, 95 jier cent. ; pota.ssiun\ ear- 0*0042 

bonate, 5 per cent. 

3. Coke soaked in 10 per cent, aqueous .solution , 0*0048 

of potassium hydrate. 

4. Anthracite soaked in 10 per (ient. aqiu'ous 0*0061 

solution of potassium hydrate. 

5 Anthracite, 90 per cent. ; calcium cyanamide, j 0*0109 

10 per cent. j 

0. Crushed bone . . . . . . . , . 0*0122 

7. Anthracite, 90 per cent.; bone black, 10 per j 0*0138 

cent. j 

8. Wood charcoal . . . . . . . . ! 0*0140 

9. Charcoal, 90 per cent.; crushed bone, 10 per 0*0202 

cent. 

10. Wood charcoal, 90 jicr cent. ; calcium cyana- 0*0331 

mide, 10 per cent. 

11. Wood charcoal, 90 per cent.; cru.slied bone, 0*0368 

10 per cent. 

12. Bone black . . . . . . . . . . 0*0405 

13. Leather charcoal . . , . . . . . 0*0405 

14. Wood charcoal, 90 per cent.; bone black, 0*0451 

10 per cent. 

15. Charcoal soaked in 20 p?r cent, caustic 0*058 

potash, 90 per cent.; crushed bone, 10 per 
cent. 1 

16. Wood charcoal impregnated with soda ash ' 0*116 


* “Some Recent Improvements in Case-Hardening Practice,” H. L. 
Heathcote, Journ. Iron and Steel Institute, May, 1915. 
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Potassium and sodium carbonate is found to restore the 
carburizing properties of exhausted charcoal, and mixture 
No. 16 is probably most efficacious in this respect. 

Carburizing in Gases. 

Articles can be case-hardened by heating them in^a gaseous 
medium to the proper temperature; the gases employed 
should, of course, contain carbon. Typical examples of gases 
which have been used are acetylene, coal gas which has been 
freed from sulphur by bubbling through carbon disulphide, 
and petroleum vapour. The results of tests upon i-inch rods 
heated for about an hour at 880° C. in pure acetylene gas 
showed that the acetylene was completely decomposed, the 
carbon being deposited upon the specimen; the thickness of the 
case was 0-0064 inch after three-quarters of an hour. With a 
mixture of 1 volume acetylene and 12 volumes coal gas the 
sjiecpnen, after an hour’s exposure at 880° C., was found to be 
coated with carbon and to have a case of 0-0147 inch thick. 

Carburizing in Liquids. 

Steel may be case-hardened by heating it in a bath of an 
appropriate salt, such as potassium cyani(l(‘, to a temperature 
of from 870° to 900° C. The cases obtained are usually very 
hard but are not very deep. 

Change of Volume after Case-hardening. 

The constitutional changes in mild steel caused by the case- 
hardening treatment are attended with certain j^hysical changes, 
one of which is a small increase in the volume after case- 
hardening — that is to say, a diminution in the specific gravity. ’ 
Parts required for accurate work, such as fine limit work, plugs, 
gauges, etc., must be ground after hardening, and allowances 
must be made for this specific gravity effect. The following 
values were obtained with a case-hardening mild steel : 

Specific Gravity. 

In normalized state . . . . . . . . . . 7-879 

Quenched from 900*^ 0. in water . . . . . . 7-833 

Qvenched from 900® C. and 700° C. in water . . 7-861 
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The increase in volume in the latter case is about 0-237 per 
cent. 

Local Hardening of Steel Parts. 

In many cases, certain parts only of an article, such as those 
subjecteq* to wear, abrasion, or blows, require to be hard, with 
the rest of the material soft. There are several methods 
available for realizing this result. 

Messrs. Vickers, Ltd., have patented a process for hardening 
the wearing parts only of gear wheel teeth and similar objects, 
so that there is no risk of warping or inaccuracy such as often 
occurs with mass hardening. The method consists in drawing 



Fig. 222 . — Fracture of Locally Case-Hardened Steel by the Oxy- 
Acetylene Process. 

the exceedingly hot flame of a suitably constructed oxy- 
acetylene blowpipe across the tooth face or other surface. The 
temperature of the flame is so high that the surface of the steel, 
to a depth of from inch to inch as desired, is at once raised 
to the hardening temperature. As the flame passes along 
there is an equally rapid fall of temperature due to the absorp- 
tion of heat from the hot part, by the cool remainder of the 
tooth, with the rc^sult that a dead hard skin is formed with no 
distortion effects. 

Carbon steels may be locally hardened by covering parts to 
be left soft with a thin metal shield in iron or steel of about 
28 S.W.G., so that upon quenching steam is formed between 
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the shield and the metal, which prevents the cooling medium 
from reaching the metal beneath the shield. Alternatively a 
pad of fireclay or asbestos, held on with iron wire, may be used. 

In case-hardening processes, parts which require to be left 
soft for machining, etc., should be covered with iron or steel 
plates or asbestos pads, or the “ areas of softness ” may be 
plated with copper or nickel before case-hardening ; it has been 
found that the carburizing material will not penetrate such 
plated areas. 

Another method is to leave portions of the articles to remain 
soft rather fuller, by inch to ^ inch, than the finished size, 
and to grind off these parts after carburizing. This removes 
the high carbon material, and the article then maybe rch(*atcd 
and quenched in the usual manner. 



CHAPTER IX 

HEAT TREATMENT FURNACES 


Furnaces for Heat Treatment Processes. 

It may be of some interest to describe a few of the more 
common types of furnaces employed for the heat treatment of 
metalsj as distinct from ore-smelting and metallurgical pro- 
cesses. 



Fia. 223. — The Stassano Klectkic Furnace used for Steel for 
Castings, etc. 

BB, electrodes; CC, hydraulic gear for regulating position of electrodes; 
EE, water jackets for cooling electrodes; Ay funnel for waste gases. 


The types of furnace commonly employed for heat treatment 
processes are known as tjie “ muffle ” or “ oven ” type, and 
may be heated either with oil, gas, or coke with natural or 
pressure air-draught; in some cases electrical furnaces are 
employed tor these processes. 

528 
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The muffle type of furnace is employed for heat treatment 
processes, such as annealing, normalizing, hardening, forging, 
tempering, reheating, case-hardening, steel frame bending, and 
similar purposes. Electrical furnaces are now finding increas- 
ing favour for melting and other metallurgical processes; this 
branch of the subject is, however, outside of the sco;je of the 
present work; a typical furnace is illustrated, however, in 
Fig. 223. 

TABLE CXXXIV. 

Heating Values of Various Solid Fuels. 


Fuel. 

Fixed 
Carbon, 
Per Cent. 

A.di, 

Per Cent. 

// ydrai/en, 
Per Cent. 

B.T.U.'s 

per 

Pound, 

Dry. 

Anthracite . . 

93-0 

4*00 

3-00 

15,000 

Welsh coal (good quality) 

87*3 

3-OG 

4-0() 

15,200 

Welsh smokeless navigation 

80-0 

3-40 

4-04 

13, 900 

Welsh (average quality) . . 

76-0 

3-00 

4-05 

14,140 

kSeotch navigation . . . . 

1 70*b 

2-00 

4*8 

13,700 

Bituminous, Nottingham 

i 57*1 

8-00 

r,-ii 

13,000 

Coke, foundry 

1 90-0 

7 

0-5 

13,500 

Coke gas, broken and graded 

1 88‘0 

8 

0-5 

13,100 

Charcoal, from wood 

1 100 

— 

— 

12,000 

Wood (average) 

1 

; 

— 

0000 

Peat . . 




7000 to 
9000 


Tables CXXXIV., CXXXV., and CXXXVI. give the heating 
values, expressed in British Thennal Units, of the various 
kinds of fuel that it is possible to employ for industrial pro- 
cesses; the relative merits of the dilTerent fuels depend also 
upon their cost, availability, convenience, initial plant cost 
and upkeep, and other factors. 

As regards the use of coal for furnace heating purposes, it 
may be of interest to note that in average practice it requires 
about 6 to 8 hundredweight of coal to melt one ton of steel, and 
for coke, from 8 to 1 1 hundredweight. 

For comparisons of different kinds of fuels, based upon their 
cost, it is useful to remember that in the best practice 9 million 
B.T.U.’s are required to melt one ton of steel, and in the average 
practice about a 25 per cent, higher number. 


1 . 


34 
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TABLE CXXXVI. 

Heating Values of Different Gases. 


Name of Qas. 

Carbon 
M on- 
oxide. 

Composition per 

,r j 'Marsh 

Hydrogen.' 

i 

Cent. 

Heavy 
Hydro- 
cat bon. 

Carhc^ 

dioxide, 

Nitrogen, 

etc. 

Calorific 

Value, 

B.T.lJ.'s 

per 

Cubic 

Foot. 

Illuminating or coal 
gas 

0-0 

47-0 

3*4 

5*0 

5*0 

0!)() 

Water gas . . 

50-0 

50-0 

- 


— 

350 

Generator gas 

; 34-3 




_ - 

05*7 

130 

Siemens gas 

1 20-0 

()•() 

!•() 

1*0 

72*0 

130 

Generator water gas 

38-0 

12-() 

— 

— • 

50-0 

1 180 

Mond gas . . 

: 13-5 

24-8 

2-5 


i 46*0 

j 130 to 
! 11)0 

Coke oven gas 

— 

Combus- 

tibles 


, — 

3*5 

430 to 
550 

Oil gas 

— 

Combus- 

tibles 

1)7*0 

— 

3*0 

1 850 

Blast furnace gas . , 

— 

— 


— 

— 

100 


Theoretically only IJ million B.T.U.’s are necessary, but 
this ideal is not attainable owing to the thermal losses in the 
furnace, such as by radiation and conduction, imperfect com- 
bustion, etc. 


Gas Furnaces. 

The ust^ of c!oal gas, either with natural or forced air draught, 
is finding increased favour, for muffle-furnaces, on account of 
its cleanliness, economy, labour-saving, and ease of control, or 
heat regulation. 

When the natural draught principle is adopted, the best * 
results are obtained from the reverberatory or regenerative type 
of furnace, in which the air supply for combustion is pre- 
heated. 

Fig. 224 illustrates one of the Richmond* natural draught 
gas heated regenerator oven furnaces, which is suitable for 
reheating, annealing, hardening, and similar work. It will be 

* The Richmond Gas Stove and M^ter Co,, Warqngton. 
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seen that there are two ovens, the upper one being heated by 
the waste products from the lower one, so that two different 
temperatures are maintained. The temperature of the lower, 
or finishing, oven can be raised up to 1300° C., but the usual 
temperatures ef 800° C. for this oven, and 500° C. for the upper 
oven, can he attained in about an hour from the cold. The air 



Fig. 224 .— Richmond ]jOw Pressure Gas-and-Air Type Furnace. 

and gas supplies are each separately controllable, and the 
furnaces can be worked with a reducing atmosphere for 
annealing and similar purposes. 

The sizes of these furnaces vary from 18 inches deep x 18 
inches wide x 9^ inches high, up to 63 inches deep x 36 inches 
wide X 18 inches high, inside oven dimensions. 
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A smaller model of this type of furnace is manufactured, 
fitted with one oven only, measuring about 14 inches deep x 12 
inches wide x 9 inches high, for small workshop or motor 
garage requirements. This furnace will attain a temperature 
of 850° C. in about an hour from the cold, and a maximum 
temperature of 1100° C. ; it is especially suitabhj for case- 
hardening, annealing, hardening, and tempering small auto- 
mobile and aircraft parts. 



Pio. 225. — Richmond Low I^ressurk Gas-vnd-Air Long Oven. 


Higher furnaci^ temperatures may bo obtained by employing 
a low or high pressure air drauglit. 

Fig. 225 illustrates a large low-pressure gas-and-air furnace, ^ 
which is suitable for annealing long bars, wires, rods, tubes, 
and similar objects; the air pressure for this class of furnace is 
about 2 inches of water, the air being supplied from a fan. 
Maximum temperatures up to about 1400° C. can be attained 
in this type. The lengths vary fr^^m about 12 to 16 feet, with 
corresponding widths of from 2 to 4 feet, and heights of from 
1 to 2 feet. 

Figs. 226 and 227 illustrate the “ Richmond ” gas-and-air 
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blast furnace for heat-treating high-speed steel tools, cutters, 
and small parts in general. The air blast is not preheated, 
but is supplied at a pressure of about I pound per square inch. 
The furnace chamber is circular in shape and is heated by 
means of the‘gas-and-air blast burners, two of which are used, 
one at tire top and one at the bottom of the chamber, the 



‘ Fig. 226. — Richmond Gas-and-Air Blast Furnace for Heat Treat- 
ment OF Small Articles. 


flame from the burners encircles the inside walls of the chamber. 
There is no direct flame contact with the heated parts and the 
atmosphere can be made a reducing one, so that the articles 
are not oxidized or decarburized. The gas and air supplies 
are regulable, hand operated valve provided with pointers and 
scales. 
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- The furnace door is counterbalanced for ease in movement 
and a hinged mica screen is provided which obviates the use of 
coloured glasses by the operator. 



Fig. 227 . — Gas-and-Aiu Blast Furnace. 

Temperatures up to about 1300*^ C. can be obtained with 
this type of furnace, but the normal hardening temperatures 
seldom exceed about 900° C. 

The sizes of the chambers or cvvens vary from 9 inches to 
14 inches wide by 5 inches in height. 

Fig. 228 illustrates a gas-heated furnace suitable for forgings 
of irregular shape, for heating up blanJUs and parts for drop 
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forgings. The furnace door may be left open the whole time 
if required. The air blast used works at about 1 pound per 
square inch pressure, and both gas and air supplies can be 
regulated. The dimensions of this furnace measure 30 inches 
deep X 24 inches wide x 12 inches in height, the door opening 
being 24 iji^iches wide x 7 inches high. 



Fiu. 228. — Richmond Rouging Fujinace. 


Tempering Furnaces, 

The use of gas for heating up lead and salt baths for temper- 
ing purposes is very convenient, for it enables the tempera- 
tures to be regulated with accuracy, and is clean in 
operation. 

Fig. 229 illustrates a typical natural draught gas-heated 
lead tempering furnace for tempering articles such as svord- 
blades, cutlery, shafts, etc., in the horizontal position; in 
another design articles may be tempered in the vertical posi- 
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tion. In the type illustrated, the heating gas fumes and those 
from the lead bath are led away through the chimneys 
shown. 

Fig. 230 illustrates a long type of natural draught gas-heated 
regenerator lead bath furnace for annealing aeroplane stream- 

i 






c:] 





iio. 22!).— RiciiMOND Natural Draught Gas-Heated Lead Tempering 
Bath. 

line wires, rods, and tubes, etc. The burners and flues are so 
arranged that the flame is drawn from the top of the furnace 
down to the bottom of the lead trough, and thence to the flues 
on the other side of the furnace to avoid the cutting action of 
the flame on the bottom of the trough. 
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Oil-Fired Furnaces. 

In cases where it is not possible or convenient to use gas for 
heating the furnace, any of the crude oils may be employed, 
such as petroleum, tar products, and other heavy oils ; alterna- 
tively lighter oils or mixtures of lighter oils and gas tar can be 
used. ^ 

The calorific values of most of the oils employed for heating 
purposes are given in Table CXXXV. and in comparison with 
coal and coke it will be seen that they give a higher heating 
value for the same weight and volume. 



Fia. 230 , — Lead Annealing Bath for Streamline Wires, Tubes, etc. 

Fuel oils are, moreover, more convenient to store and to 
use, clean in action, and the heating is capable of easy regula- 
tion. 

There are four common systems in use for burning oil fuel — 
namely, {a) gravity feed> {h) column gravity feed; (c) pneu- 
matic feed, and (fZ) oil pump feed. 

The tar obtained from by-product coke ovens is frequently 
employed as a fuel, and the “ water-gas tar ” from gas works 
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is also an excellent fuel; it has a calorific value of about 17,000 
B.T.U.’s per pound, which is equivalent to about 162,000 
B.T.U.’s per gallon. The quantity of oil equivalent to 1 ton 
of coal in good drop-forging practice is about 60 gallons, and 
it is convenient to note that six gallons of crude Texas oil are 
equivalent to 1000 cubic feet of natural gas. i 

When using oil fuel in furnaces it is necessary to atomize 
the oil with steTim or air under pressure, the pressures em- 
ployed varying from about 20 to 80 pounds per square inch 
according as the fuel is light or heavy, and varying to some 

outfkair , air supply 



REGULATOR FOR OIL SUPPLY 

OUTER AIR FLED 


Fid. 231. — Davis Twin Jet Oil Atomiser. 

extent with the size of furnace; for large furnaces the greater 
atomization or “ spread ” necessitates the use of the higher 
pressures. The amount of the air required for combustion 
which is actually used for atomizing the fuel is about 2 to 
4 per cent, of the whole, and it should be the aim of the oil 
furnace designer to keep down the amount of atomizing air to 
the minimum. The remaining bulk of the air for combustion 
is admitted under a low pressure, .of from 2 to 5 ounces per 
square inch. 

Fig. 231 illustrates the Davis twin-jet atomizer fuel oil 
burner for furnace work in which the oil is*efficiently atomized. 
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It will be seen from the illustration that there is an inner and 
an outer air jet, with an annular oil jet in between. Each 
is capable of independent regulation. These burners are 
primarily intended for heavy oils, such as petroleum, tar oils, 
and similar dils, and air pressures of 20 pounds per square inch, 
or steani pressure of 40 pounds per square inch, and above 
should be employed. 



Fig. 232. — Davis Twin Jet Oil-Fired Furnace. 

The range of oil consumptions in the smallest type of this 
burner varies from J to 4 gallons per hour, the sizes of the oil and 
air supply pipes being J inph and J inch gas barrel respectively. 

In the larger type the oil consumption can be varied from 
8 to 25 gallons per hour, the oil and air pipes being | inch and 
1| inches gas, respe’ctively. 
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Fig. 232 shows the application of the above oil-firing principle 
to an oven for heating steel parts, such as irregular forgings, 
billets, and similar objects; the oven shown is of the over- 
fired down draught type working on a semi-reverberatory 
principle to ensure efficient and uniform heating for there is 
a downward displacement of the gases through a ijiain flue 
situated beneath the floor of the oven. A short uptake only 
is required with this type of oven. 

The air used for pulyerizing the oil is heated by the 
escaping gases in the main^ flue, and in this manner the 
efficiency of the whole system is high; indeed, as compared 
with the use of coal a considerable increase in efficiency is 
shown. 

With the type of furnace illustrati;d working temperatures 
up to 1350^ C. can be attained. 

Coke-Fired Furnaces. 

The use of coke is very convenicmt in cases of isolated 
factories away from gas supplies, and efficient coke furnaces 
are now available for all of the heat treatment processes occur- 
ring in automobile and aircraft work. 

Fig. 233 shows a small type of “ Jiichmond ’’ natural 
draught self-contained coke-fired furnace suitable for anneal- 
ing, hardening, case-hardening, reheating, and similar opera- 
tions. The furnace illustrated is termed the “in-flame” 
type of coke-fired furnace, in which the heated gases are directed 
from either side (as shown in the cross-section view) and are 
carried off by the flue and funnel at the front or opposite end 
of the furnace, in such a manner that the whole of the furnace 
bed and chamber is uniformly heated. 

The sizes of the furnaces vary from: length A = 30 inches, 
width B = 12 inches, width C = l) inches, up to A = 60 inches, 
B = 36 inches, C= 21 inches in eight sizes. 

Figs. 234 and 235 illustrate the construction of the larger 
coal-fired regenerator muffle and oven furnaces which are 
suitable for operations, such as annealing, normalizing, harden- 
ing, case-hardening, plate and billet heating, steel frame bend- 
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ing, melting metals, enamelling, glass annealing, firing of 
pottery and similar processes. 



These furnaces are usually worked in batteries of two or four. 
They are provided with dampers so that the heats of the furnace 
can be efficiently controlled, and the whole of the regenerator 
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flues are always in view; these flues are so designed that any 
dust falls to the bottom, where it can be easily cleared away, 
and no choking of the flues can occur. 



The formation of the panels of the regenerator tiles greatly 
increases the conductivity, and at the same time a larger area 
of heating surface is presented to the gas and air. The con- 
struction of the flue beds and cross- joints is so designed that 
in the event of a tile breaking, short-circuiting of the gases is 
impossible. 
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Lutomatic Electric Hardening Furnace. 

An ingenious and accurate method of hardening steels is 
embodied in the Wild-Barfield hardening apparatus, which is 
shown illustrated in Fig. 236. 

The principle of the method used depends upon the fact that 
at the critical or Ar. 2 point (which is the proper temperature 
for hardening) the metal becomes non-magnetic. A gal- 



Cross Section of Oven Furnace 

Fia. 235. — Richmond Large Coke-Fired Oven. 


vanometer is provided for immediately notifying the operator 
that the correct quenching temperature has been attained. 

Referring to Fig. 230, the inner pot A is the furnace chamber, 
and contains a special mixture of salts having a comparatively 
low melting, but a high vaporizing, point. The pot A is 
wound with a heating coil B, and between this coil and the out- 
side of the furnace Z> is a special non-conducting lagging (7. 
The ends of the outside insulated copper windings £J are con- 
nected to a special galvanometer. 

When a current of electricity is passed through ^ it quickly 
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heats the furnace and renders the salt molten. The winding B 
also magnetizes any steel article that is placed in the furnace. 
Immediately the critical temperature is attained the steel loses 
its magnetism and the galvanometer indicator at once notifies 
the fact; the articles are then at the correct temperature for 
quenching. ^ 

This method has the advantages of being clean, and gives 
uniform heating*and certainty of the correct hardening tern- ' 
perature. 



Fig. 236. — The Wild-Barfield Automatic Hardening Furnace. 


Furnaces for Melting Non-Ferrous Metals, etc. 

The crucible types of furnace are considered to be more 
efficient and more convenient to use for melting purposes, and 
the oil -gas and electric methods of heating are preferable for 
most industrial and works processes over the coal and coke 
ones. , 

The furnaces employed may be of the fixed “ ladling ” type, 
or of the “ tilting ” type. 

Fig. 237 illustrates the principle of the Monometer tilting 

35 
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type furnace, suitable for melting steel, copper, brass, gun- 
metal, aluminium and other metals, and adaptable either for 
gas or oU heating. An outside view of this furnace is shown 
in Fig. 238. 

The combustion chamber is in the form of an annular 
chamber„concentric with but situated below the crucible, and 
it is connected to the melting chamber by means of suitably 
inclined ducts^or passages; this form of combustion chamber, 



by delaying the escape of the products of combustion, pro- 
duces an uniform and evenly distributed heating of the 
crucible. 

The method of tdting the crucible and its contents for pour- 
ing wiU be readily foUowed from the diagrams; it will be seen 
that there is a grooved portion on the bottom of the furnace 
body which engages with the Morse lifting chain which passes 
over a large chain-wheel on the balance weight shaft. A hand- 
operated wheel is" provided for tilting the crucible, through 
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the medium of a worm and worm-wheel and a pair of bevel 
wheels; a reduction gearing is embodied in this mechanism so 
that only a small effort is required to tilt the furnace. 

The axis about which the furnace body is rotated in the 
pouring process is in alignment with the pouring lip. The 
construction of the furnace is such that it is self-gontained, 


PpffMWrcn 
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fiG. 238. — ^SIoNOMETEU Tilting'|Eurnaoe. 

and as the oil burner directs the oil tangentially into the com- 
bustion chamber and is attached to the furnace body so as to 
move with it, the firing operation can be continued during the 
actual pouring process. 

The melting itself is carried out in a non-oxidizable or reduc- 
ing atmosphere. 
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When gas* is used for heating, a special form of automatic 
heat-regulating device or thermostat is employed, by which 
the temperatures can be maintained within about 5° F. of the 
correct values. 

Fig. 239 iliustrates this type of heat regulator, which is 
mechanical in its action. • By means of the adjusting screw 
shown at the top the temperature can be varied from 100° F. up 
to 2000° F. The rod indicated on the left-handf-side rests in the 
molten metal, oven, or furnace bed, and the gas-regulating device 
is thermally operated therefrom. . The gas (or oil) is started at 


Fio 239. — ^Monometer Gas Regulator. 



full pressure until the desired temperature is reached, when the 
automatic regulator cuts off the supply until only the minimum 
amount of gas (or oil) necessary to maintain the temperature 
is burning ; any cooling of the furnace or melted metal causes 
the regulating device to turn on more gas for oil) until the 
temperature is restored. In this way not only is a uniform 
temperature obtained but a marked economy in fuel is 
effected. 

Figs. 240 and 241 show a Wright-Morgan forced-draught 
coke-fired furnace of the tilting type .for melting non-ferrous 
metals, but suitable in certain smaller sizes for iron and steel. 

* The same device can also be used for oil firing. 
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The crucibles taken by these furnaces vary from 200 to 1000 
pounds capacity for brass, aluminium, and copper alloys. 

The furnaces are all fitted with a swing-back preheater, which 
covers the top of the furnace body with a loose ipternal muffle 
ring and cover resting on the crucible when melting is in 
progress and which keeps the metal in the crucible^free from 
contact with the combustion products, as shown in Fig. 240; 



Fig. 240 .— The Wright Morgan Coke-Fired Tilting Furnace. 


in this manner the loss in melting is considerably reduced. The 
furnace shown has a regenerative flue which carries all of the 
fumes out of the building into a main chimney. 

For melting copper alloys an air pressure of 1^ to 2 inches 
of water is required and it is usual to supply electric fans for 
this purpose. A natural draught inlet is also provided so that 
it can be used in place of the fan. 

The furnaces are made in two sections — namely, the body 
section, which tilts on an axis in line with the lip of the crucible, 
and a preheater section fitted with solid c6ver and flue outlet 
to the downtake regenerator pipe at the rear. 
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The incoming air is heated in this regenerator to 260° to 
300° C.j and then passes into the furnace, partly through the 
grate bars, the annular space above the grate bars and the side 
air-holes in the firebrick linings. In this manner the air-jets 
entering through the bars are met at right angles by the annular 
flow of air over the top bars. Fresh air is introduced to the 
fuel above the stand level by means of the sid^e holes through 
the furnace lining ; excessive cutting of the crucible base is thus 



Fig. 241 . — Whight-Morgan Force- Dii\iight Coke-Fired Tilting 
Furnace. 


prevented. All fumes are exhausted through an underground 
flue to a main chipiney, for which, as the furnace works under 
a forced draught, only a small stack is required. 

Soft Metal Melting Furnace. 

Furnaces intended for melting lead, tin, white metal and soft 
metals in general, do not, of course, require to be worked at 
appreciably high temperatures (about 600° C. as a maximum), 
but it is essential that means shall be provided to prevent 
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surface oxidation, over-heating, and homogeneous mixing of 
the metal. 

iig. 242 illustrates the Monometer soft metal melting 
furnace which has been designed to fulfil the aJ)ove require- 



Fig. 242.— Monombter Soft Metal Melting Furnace 


ments. In this type the melting pot is enclosed, the inert 
gases being brought into the chamber above it. An automatic 
gas regulator* is provided to prevent overheating, and a special 
* See' p. 648. 
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mixing appliance is fitted. This mixer is in the form of rota- 
ting paddles attached to a vertical hollow spindle or sleeve, 
which are rqvolved in the melting pot by means of external 
arms, the weight of the metal being taken on a ball bearing 
Passing down the centre of the mixer sleeve is a valve stem. 
The valvb which is at the bottom of the melting pot is cone- 
seated and is operated by means of a hand wheel at the top of 
the furnace; in this way the metal can be tapped from the 
bottom of the pot, where it is purest and free from dross. 

The furnace can also be fitted with oil-fuel heaters with self 
regulators. 

Fuel Consumptions and Outputs. 

Some interesting figures are given by the Monometer Com- 
pany for the fuel consumptions and other particulars of their 
melting furnaces when using oil and gas. These are shown in 
the following table : 


TABLE CXXXVII. 

Fuel Consumptions, Costs, and Outputs of Melting 
Furnaces. 


Metal Melted. 

Fuel 

Used, 

Criicible 

Capacity 

in 

Founds. 

12 Hours'^ 
Output 
in 

Founds. 

Cost 

in 

Shillings. 

Consumption 
of Metal 
per Cwt. 


f oil 

800 

5000 

80s. per ton 

1^ gallons 

Copper 

] gas 

800 

8000 

3s. i)er 1000 

450 


1 



cubic feet 

cubic feet 


1 oil 

800 

3000 

80s. per ton 

2 gallons 

Cupro-nickel 

li gas 

800 

2200 

3s. per 1000 

820 





cubic feet 

cubic feet 


( oil 

800 

6000 

80s. per ton 

1 gallon 

Cartridge metal 

i gas 

800 

4000 

38. per 1000 

335 


1 



cubic feet 

cubic feet 


Metal Melted. 

Fuel 

Used. 

Frice per 
Cwt. of 
Metal 
of Fuel. 

Life of 
Crucible 
in 

Melts. 

Cost of 
^ Crucible 
per Cwt. 
af Metal. 

Life of 
Lining 
in 

Months. 

Copper 

Cupro-nickel 

Cartridge metal 

f oil 

1 gas 
/ oil 

1 gas t 
/ oil 

1 gas 

5Jd. 

16s. 2d. 1 
8s. 4d. 1 
29s. 5d. i 
4s. 2d. ! 
Is. Od. , 

40 (min.)P 
30 

24 

16 1 

66 (min.) 

' 50 1 

4s. 6d. 
6d. 

78. 6d. 
Us. 3d. 

2|d. 

38. 6d. 

3 

2^ (min.) 

1 to 2 (min.) 

5 (aver.) 

3 to 4 (aver.) 
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The following particulars refer to results obtained with a 
Richmond gas-and-air blast heated crucible furnace : 



Cubic 

•Feet. 

B.T.U.*s 

(A) Copper. Poured at 1200° C. 

0 


Average coal gas consumption per pound for 

5 melts. • 

3-70 

1924 

Average coal gas consumption per pound for 

6 melts. * 

3-50 

1820 

Average coal gas consumption per pound for 

7 melts. 

3-35 

1742 

(B) Brass. Poured at 1000° 0. 



Average gas consumption per pound of metal 
for 6 melts. 

2-25 

1203 

Average gas consumption per pound of metal 
for 12 melts. 

1-92 

1031 

Average gas consumption per pound of metal 
for 15 melts. 

1-86 

996 


The effect of preheating the air and the metal with the 
furnace products leads to a considerable saving in fuel, as the 
following typical results for melting yellow brass show: 



(fas Consumption per 
Pound of Metal Melted. 

Number of consecutive melts 

4 

6 

Consumption with no preheater 

Consumption with brass only preheated 
Consumption with brass and air preheated 

Cubic Feet. 
3-10 

2-72 

2-42 

Cubic Feet. 
2-91 

2-48 

2-17 


The following results of an average week’s working with a 
100 pound electric bronze melting furnace are also of interest : ' 


Nature of charge 
Nature of work 

Gas consumption (per ICO pound melt) 
Number of heats per 8 hour shift . . 
Average time per melt 
Life of crucible 


Electric bronze (ingots 
and scrap). 

Sand castings. 

300 cubic feet. 

11 . 

42 minutes. 

34 melts per pot. 



CHAPTER X 


PYROMETRY 

Pyrometry. 

From what has already been mentioned in connexion with 
the subject of the heat treatment of metals, the importance of 
correct temperature regulation and measurement will need no 
further emphasis; it may, however, bo remarked, that in prac- 
tically all industrial processes, such as the melting and heat 
treatment of metals, galvanizing, rust-proofing, enamelling, 
and other thermal processes, suitable thermometers or pyro- 
meters are now available in commercial form and are invariably 
employed. 

Not only is the uniformity of output maintained, and the 
percentage of rejections minimized, but the output itself is 
often greatly improved by utilizing accurate thermometric 
methods. 

The subject of industrial pyrometry is too wide to be dealt 
with here in any but a brief form, so that attention will be 
merely confined to pointing out the principal methods em- 
ployed, and to illustrating these methods with typical examples. 
For fuller particulars the reader is referred to the special works 
upon the subject, some of which are given in the footnotes.* 

* Vide {a) “Industrial Pyrometry,” by C. R. Darling, Cantor Lectures, 
1911, Royal Society of Arts. 

(b) “ Recent Prdgress in Pyrometry,” by C. R. Darling, Royal Society of 
Arts, May, 1915. 

(c) Chapter on “Pyrometry” in “An Introduction to Metallurgy,” by 
Sir W. C. Roberts-Austen (Griffin and Co., Ltd.). 

{d) The Cambridge Scientific Instrument Co.’s .Industrial Thermometer 
Publications. 

(e) “ The Measurement of Extreme Temperatures)’” by H. L. Callendar, 
Proc. Roy. Inst., vol. xvi., p. 97. * 

(/) “Practical Pyrometry,” by R. S. Whipple, Engineering Review, 
vol, xviL, p. 148. 

(g) “Modem Methods bf Pyrometry,” by C. W. Waidner, Proc. Eng, 
Soc. of Western Pennsylvania, vol. xx., p. 1313. 
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Temperatures to be Measured. 

The temperatures occurring in most industrial processes 
range from atmospheric up to those of the melting points of 
the metalsj the temperatures for the common metals varying 
from 200° to 1600° C. " 

Table CXXXVIII. shows some of the more Unportant 
temperatures involved in practical metal smelting and 
processes. * 

TABLE CXXXVIII. 

Melting Points of Metals and Other Common 
Materials. 


Metals and Alloys. 


° G. 


° C. 


3500 to 

Carbon. 

1435 

Steel (1*0 per cent. C). 

4000 


1400 

Steel (1*5 per cent. C). 

3000 

Tungsten. 

1350 

Steel (2'0 per cent. C). 

2910 

Tantulum. 

1345 

Manganese steel (13 per 

2700 

Osmium. 


cent. Mn). 

2450 

Molybdenum. 

1330 

Fcrro-titanium (25 per 

2300 

Zirconium. 


cent. Ti). 

2290 

Iridium. 

1230 

Ferro-nickel (25 per cent. 

2000 to 

Boron. 


Ni). 

2500 


1225 

Manganese. 

1900 ( ?) Ruthenium. 

1210 

Ferro-manganese (80 per 

1800 

Titanium. 


cent. Mn). 

1720 

Vanadium. 

1100 

Cast iron (average). 

1700 to Platinum. 

1083 

Copper. 

1790 


1063 

Gold. 

1690 

Thorium. 

961 

Silver 

1550 

Palladium. 

658 

Aluminium. 

1510 

Chromium. 

631 

Antimony. 

1505 

Pure iron. 

419 

Zinc. 

1490 

Cobalt. 

327 

Lead. 

1475 

Steel (0*5 per cent. C). 

232 

Tin. 

1450 

Nickel. 




Refractory and Otuer Materials, etc. 

" C, 


' ° 0 . 


2400 

Lime and magnesia. 

1400 

Inferior firebricks melt- 

2180 

Chromite. 

1350 

Coppor slag. 

2165 

Magnesia brick. 

1318 

Tin slag. 

2050 

Chromite brick. 

954 

Litharge. 

2010 

Pure alumina. 

780 

Calcium. 

1820 

Bauxite. 

633 

Magnesium. 

1800 

Best firebricks. 

620 

Cerium. 

1800 

Bauxite clay. 

115 to 

Sulphur. 

1750 

Pure silica. 

120 


1700 to 

Silica brick. 

100 

Boiling water. 

1705 


• 97 

Sodium. 

1565 to Bauxite brick. * 

68 

White beeswax. 

1785 


61 

Yellow beeswax. 

1550 

Silica softens; inferior fire- 

44 

Phosphorus. 


bricks soften. 

-39 

Mercury, 

1430 

Puddle slag. 

-182 

Liquid air. 

1420 

Silicon. 

t -273 

Absolute zero. 
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Temperature Standards and Fixed Points. 

Before proceeding to the description of a few typical tempera- 
ture measurement devices, mention will here be made of some 
of the better known “ fixed ” points, which are used for refer- 
ence chiefly in pyrometry. 

The “ iixed points” mentioned are the accurately known 
melting or boiling points of certain solids an[i liquids, which 
are used for calibration or standardization purposes. It is a 
fairly simple matter to check the accuracy of any pyrometer 
by observing its reading at one or more of the fixed tempera- 
tures within its range. 

The values given in Table CXL. refer to the pure materials; 
considerable errors are, however, possible unless the substances 
used are of a high grade of purity. 

All important pyrometers may alternatively be checked or 
calibrated at any of the well-known testing institutions, such 
as the National Physical Laboratory, Teddington, or the 
American States Bureau of Standards. 

The following table is useful in showing, approximately, the 
equivalent temperatures to different colours, in the case of 
heated iron and steel as seen in a dark room : 


TABLE CXXXIX. 

Temperature and Colour Values for Heated Steel. 


Colour. 


T em'perature. 


White (not welding heat) 
High yellow . . 

Yellow.. 

Low yellow 
Bright red 
Light red 
Medium red . . 

Full cherry red 
Blood red 
Dull red 
Red, just visible 
Black . . 


Cent. 

Fahr. 

1240 

2264 

1130 

2065 

1081 

1976 

971 

1780 

923 

1693 

850 

1561 

795 

1462 

700 

1291 

667 

1231 

625 

1156 

525 

976 

475 

886 
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TABLE CXL. 

Standard Temperatures or “Fixed Points.”* 


Substance. 

Physical 

Condition. 

Temperature 

Temperature 
^ F. 

Water 

At boiling point 

100 

• 212 

Aniline 


184 

36.3 

Naphthalene •. . 

Tin . . 

At melting point 

218 

420 

232 

450 

Cadmium 

321 

010 

Lead . . 

,, ,, 

327 

020 

Zinc . . 

> * »» 

419 

780 

Sulphur 

At boiling point 

445 

832 

Antimony 

At melting point 

031 

1108 

Common salt 

800 

1472 

Silver (in reducing atmo- 
sphere) 

- 

901 

1702 

Gold . . 

,, ,, 

1003 

1940 

Copper (graphite covered) 

,, ,, 

1083 

1982 

Lithium-mctasilicate 

,, ,, 

1202 

2194 

Nickel 

»» 

1450 

2042 

Palladium 

>> »» 

1550 

2822 

Platinum 

,, ,, 

1755 

3190 

Tungsten 


3000 

(about) 

5432 

Carbon arc . . 


3500 

(about) 

0332 


TABLE CXLf. 

Additional Fixed Points. (Dr. Northrup.) 


Substance. 

Physical Condition. 

Temperature ° C. 

Ice 

Melting point 

0 

Bonzophenon 

Boiling point 

305-4 

Copper (in CO) 

Melting point 

1082-6 

Diopside . . 


1,391-2 

Cobalt 

” ” 1 

1489-8 


Methods of Temperature Measurement. 

The methods adopted for measuring temperatures are all 
based upon some physical property of a solid, liquid, or gas, 
which changes with temperature, and it is the physical effects 

♦ From “ Recent Progress in Pyrometry,” by C. R. Darling, Journ. Soc. 
of Arts, May 14, 1915. • 
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which are observed or measured, and from which the tempera- 
tures are deduced. 

The following are some of the typical methods upon which 
temperature measurement devices are based : 

(а) Measurement of the expansion of solids, liquids, or 
^ gases. 

(б) Measurement of the vapour tension of vapours. 

(c) Fusion effects of known substances. 

{d) Ebullition or boiling effects: 

(e) Specific heat effects (calorimetry methods). 

(/) Heat radiation methods. 

(g) Thermo-electrical measurements. 
iji) Electrical resistance measurements. 

(i) Optical methods. 

There are, of course, many other methods available, based 
upon other physical properties such as those of viscosity, 
acoustics, and magnetism. 

The five principal methods with which the present considera- 
tions are concerned are as follows — namely : 

1. Fusion effects of solids, metals, and alloys. 

2. Expansion effects of solids and liquids. 

3., Radiation methods. 

4. Thermo-electric methods. 

5. Electrical resistance methods. 

Each of these methods is applicable to certain purposes, 
and in many cases several alternative methods may be 
employed for the same purpose; this remark applies more 
particularly to the last three methods named. 

Table CXLII. shows the temperature ranges and typical 
applications of the five methods above mentioned; each of 
these will be briefly considered in detail later. 

Fusion Pyrometers. 

A simple method for obtaining approx^imate furnace tempera- 
tures and one which is frequently employed in works practice, 
is to insert a number of salts, clays, or alloys of known 
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TABLE CXLTI. 

Types of Thermometers and Pyrometers, for 
Industrial Use. 


Type. 

Principle. 

Examples. 

Temperature 

Panye 

{Centigrade). 

Piision 

Based upon the fact 
thatidefinite solids 
and compounds 
melt at a certffin 
temperature 

Seger’s cones 

Sentinel pyromi^ters 
Various clays, alloys, 
and salts 

0^ to 2000° C. 

Expansion 

Based upon the 

(}as thermometer 

0 to 1000° C. 

etfocts 

change in length 
or volume of 

Mercury, Jena glass, and 
nitrogen 

- 40 to 500° C. 


solids, lupiids, and 
gases, on heating 

Ordinary alcohol ther- 
mometer 

- 200 to 100° C. 


and cooling 

Sodium-potassium alloy 
and boro-silicato glass 
Unequal expansion of 
rods 

Contraction of porcelain 

U]) to 000° C' 

0 to 500° C. 

0 to 1S00° C. 

Radiation 

Depend upon the 

Fery’s radiation pyro- 

Can be ar- 


measurement of 

meter 

ranged for 


heat radiated by 

Foster’s fixed focus py- 

any tempera- 


hot bodies 

rometer 

Wanner optical pyro- 
meter 

Holborn - K u r 1 b a u m 
pyrometer 

Sieinen’e pyrometer 
Cambridge optical pyro- ! 
meter 

turc up to 
5000° C. and 
above. 

Usual ranges, 
500° to 1800° 
C. for metal 
processes 

Thernio- 

Based upon the 

Copper-constantan 

0 to 500° C. 

electiic 

measurement of 

Iron-constantan 

0 to 000° (\ 


the electric cur- 

Iron - nickel and iron- 

to 1000° C. 


rent or E.M.F. 
developed by the 

mckel alloy of differ- 
ent composition 

(max.) 


difference in tem- 

Nickel-chromium and 

to 1200° C. 


perature of two 
similar thermo- 
electric junctions 

a nickel - chromium 
alloy of different 
composition 

(max.) 


opposed to one 

Platinum-platinum iri- 

to 1300° C. 


another 

dium 

Two xjlatinum-rhodium 
alloys 

(max.) 

to 1600° C. 
(max.) 

Electrical 

Based upon the in- 

Callendar platinum 

: 0 to 1200° C. 

resistance 

crease in resist- 
ance of a metal 
wire when heated 

thermipmeter 

Siemens’ resistance py- 
rometer 

Whipple’s indicator* 
Harris’s indicator* 



* For use with resistance thermometers. 
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progressive melting points in the furnace and to observe 
which have been melted. The temperature of melting furnaces 
at any desired locality is often tested by inserting a rod of iron, 
or copper, and noting whether it melts or not. 

It is possible to select a number of salts and alloys of known 
melting points so as to form a descending temperature series. 

The vafues given in Tables CXLIII., CXLIV., and CXLV. 
will afford some useful information in connexion with fusion 
methods.* 

TABLE C:5fLIII. 

Materials for Fusion Pyrometers. 


Substance. 

Melting Point. 


° 0. 

° F. 

Grey forge pig iron . . 

1220 

2230 

Grey pig iron 

1240 

2264 

Anhydrous magnesium sulphate . . 

1150 

2102 

Cuprous sulphide 

1100 

2012 

Anhydrous potassium sulphate 

1070 

1958 

Copper-zinc alloy, 95 Cu, 5 Zn 

1070 

1958 

Potassium sulphate . . 

1015 

1860 

Copper-zinc alloy, 90 Cu, 10 Zn 

1055 

1931 

Copper-zinc alloy, 85 Cu, 16 Zn 

1025 

1826 

Copper-zinc alloy, 80 Cu, 10 Zn 

1000 

1832 

Sodium plumbate 

1000 

1832 

Copper-zinc alloy, 75 Cu, 25 Zn 

980 

1796 

Potassium bichromate 

975 

1788 

Sodium phosphate . . 

957 

1753 

Copper-zinc alloy, 70 Cu, 30 Zn 

940 

1725 

Copper-zinc alloy, 65 Cu, 35 Zn 

915 

1679 

Anhydrous sodium sulphate 

900 

1652 

Copper-zinc alloy, 60 Cu, 40 Zn 

890 

1634 

Anhydrous sodium carbonate 

850 

1562 

Chloride of tin (SnClg) 

840 

1544 

Sodium carbonate 

810 

1490 

Common salt . . 

800 

1472 


It is usual to insert a number of salts of progressively in- 
creasing melting points in the furnace ; then if, for example, a 
salt such as potassium chloride was just melted, and the next 
salt, calcium chloride, was not melted, the temperature (see 
Table CXLV.) would lie between 740° and 755° C. 

Seger’s cones are another example of {he use of this method, 
in which a number of clays of various compositions and with 


* Also see Table CXLVI. 
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TABLE CXLIV. 

Melting Points of Low Fusion Point Alloys. 


Composition per Cent. 

Melting 

Composition per.^Cent. 

Melting 

Bis- 

muth. 

, Lead. 

1 1 

1 Tin. \ 

Cad- 
mi nm. 

Point. 

o ^ 

Bis- 
muth. ^ 

1 Lead. 

Ti§. 

Point. 

0 ^ 

50-() 

25-0 

f2-5 ! 

12-5 

149 

20-0 

40*0 

40*0 

293 

50-1 

i 26‘G 

13-3 i 

10-0. 

138 

19-0 1 

38-0 

43-0 

298 

38-4 

i 30*8 i 

15-4 

15*4 

160 

18-1 1 

36-2 

43-7 

304 

27-5 

: 27-5 

10-5 

34-5 

•167 

17-3 1 

34*6 

1 48*1 

311 

r)0-0 

34-0 

9-3 

G-2 

171 * 

16-6 

33*2 

50*2 

316 


25-0 

30-0 

23-0 

187 

16-0 

36*0 

48-0 

311 

,")()• 0 

31-2 

18-0 

— . 

201 

15-3 1 

38-8 1 

45-9 

309 

r)r)-() 

— 

33-3 

IM 

203 

14-8 

40-2 1 

43-0 

307 

5()*0 


23-0 

23-0 

203 

14-0 , 

43-0 ’ 

43*0 

309 

47-U 

33 -o 

17-3 ; 

- 

208 

13-7 

44-8 1 

41-5 

320 

42- 1 

42-1 

15-8 

— 

226 

13-3 , 

46-6 1 

40*1 

329 

4()‘0 

40 '0 

20-0 

— 

233 

12-8 

49-0 ' 

38-2 

342 

3()‘r» 

36' 5 

27-0 

- 

243 

12-3 

50-0 

37-3 

332 

33-3 

33-4 

33*3 


253 

11-7 , 

46-8 j 

41-3 

333 

3()'8 

38*4 

30*8 

--- 

266 

11-4 : 

43-6 ! 

43-0 

329 

28-5 

43-0 

28-3 

-- 

270 

11-2 I 

44-4 j 

44-4 

320 

23- 0 

5()>() 

25-0 

— 

300 

10-8 ! 

43-2 i 

46-0 

318 

23-5 

47-0 

23-3 

- 

304 

10-3 1 

42*0 

47-5 

320 

22-2 

44-4 

33-4 


289 

10-2 

41-0 

48‘8 

322 

21-0 

42-0 

37-0 


289 

10-0 i 

40-0 

30*0 

324 


TABLE CXLV. 

Materials for Fusion Pyrometers. 


Substance. 

Melting Point. 


°C. 

0 F. 

Barium carbonate 

795 

1462 

Sodium chloride ... 

775 

1426 

Calcium chloride . . . . . . 

755 

1391 

Potassium chloride . . 

740 

1364 

Aluminium 

657 

1214 

1 molecule salt + 1 molecule potassium chloride. . 

650 

1201 

Barium nitrate 

592 

1096 

Sulphur (boiling point) 

445 

833 

Zinc 

419 

735 

Potassium chlorate . , . . . . . . • 

370 

698 

Lead . . . . • . • 

327 

620 

Tin 

232 j 

450 


36 
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melting points ranging from 690° C. (or 1094° F.) up to 1890° C. 
(or 3434° F.) are employed in the forms of vertical cones or 
pyramids. The temperature intervals are below 30° C. in 
each case. 

A number* of these cones of progressive melting points are 
inserted ^in the furnace, and after an interval are withdrawn. 
If the correct range of cones has been chosen they will be 
found to have the appearance shown in Fig. 243, in which 



Fig. 243. — Illustrating the Principle of Seger’s Cones. 


cone D has collapsed, C is bent over, and.B is slightly rounded. 
The correct furnace temperature in this case corresponds to the 
melting point of cone C. 

Expansion Thermometers. 

Temperatures varying from considerably below zero up to 
about 1200° C. may be measured by means of this type of 
instrument. Thermometers for the highest temperatures — 
namely, up to 1200° C. — usually employ the principle of measur- 
ing the expansion of an iron rod encased in a fireclay tube, or of 
graphite in an iron tube. 

For temperatures up to about 600° C., a potassium-sodium 
alloy is employed instead of mercury, using a hard glass 
tube. , 

For temperatures up to about 550° Q. (or about 1000° F.) 
mercury thermometers afe employed, with nitrogen as the gas 
in the stem, and in which very hard glass, or boro-silicate glass, 
is employed for th^ bulb and the tube, 
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Fig. 244 shows a typical instrument* of this kind which is 
widely employed for ascertaining the temperatures of lead 
and salt baths, tinning baths, galvanizing 
and spelter baths, for soldering machines, 
etc. The section of the bore is elliptical 
and the space above the mercury is 
filled with an inert gas. The glass stem 
itself is protected by an inner steel 
sheath, the spaces between the glass, 
the steel sheath, and the* outer tube 
being packed with insulating material, 
so that varying depths of immersion 
may be used without appreciable stem 
errors. 

The bulb chamber is of cast iron and 
the space between the bulb and the 
chamber is filled with copper dust, so 
that the heat is quickly conducted to 
the bulb and rapid readings may be taken. 

The outer stem is nickel plated. 

The scale is divided in Fahrenheit 
degrees from 210° to 1000°, but instru- 
ments for special ranges, and with more 
open scales for intermediate temperatures, 
are made. 

A useful thermometer of this class, 
which is made by the same manufacturers, 
is one for water and oil quenching baths, 
with a temperature range either of 30° 
to 220° F. or 100° to 250° F. The higher 
temperature range thermometers may 
also be used for ascertaining tempering 
oven temperatures, in which case the 
bulb is copper plated to a depth of 1 mm., 
and there is no outer chamber, so that 
the thermometer is much more sensitive. A wire guard is 
supplied for protecting the bulb itself. 

♦ Made by the Cambridge Soientifio Instrument Co., Ltd. 


Fio. 244. — Immersion 
Thermometer for 
Temperatures up 
TO 1000° F. 
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Recording Thermometer. 

Figs. 245 and 246 illustrate a useful form of self-recording 
mercury type of thermometer* capable of reading up to 540° C. 
(or 1000° F.J. 

The* steel bulb A and capillary tube B are filled with mercury 
and conAected up to a special form of Bourdon spiral C, which 
actuates, through a simple mechanism, the recording hand 
shown. 



Fi3. 2^5.— The II. \ni) M. Thermometer. 


The whole system is filled with mercury, and c-hanges of 
temperatures of the bulb give rise to corresponding changes of 
pressure in the system, which are magnified and recorded or 
indicated by means of the pencil mechanism shown. 

The circular charts used are 0| inches in diameter, and they 
are printed with uniform scale divisions; the chart speeds are 
so arranged that one cojnplete revolution is made either in 
twenty-four hours or seven days. 

* The H. and M. Thermometer, made by the Cambridge Scientific In- 
strument Co., Ltd. * 
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Radiation and Optical Pyrometers. 

The principle of the radiation pyrometer depends upon the 
measurement at a distance of the heat of radiation emitted by 
the body whose temperature it is required to measure. 

It has been shown by Tyndall, Stefan, and others, that the 
heat energy radiated by a hot body varies as the fourth power 



Fia. 246. — ’H. \Nn M. Thermome'mjr Recorder. 


of the absolute tcmper^aturc,* and that black bodies (such as 
those with lamp-blacl^: or sooty surfaces) are better radiators of 
heat than polished or bright bodies.* 

As the enclosures within fuiyiaces are true black bodies in / 

* Absolute temperature Centigrade = t°€ + 273. 

, „ Fahrenheit = T°r + 461. 
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the above sense, the above law may be applied to most indus- 
trial temperatures. 

This law may be expressed in the following manner : 

where R\ and Rg are the quantities of heats radiated from 
bodies at absolute temperatures of and To^respectively. 

With most radiation pyrometers it is only necessary to know 
the heat at any standard temperature, or to obtain a galvano- 
meter reading proportional* to this heat, in order to be able 
to measure any other temperature. 



Radiation pyrometers may be employed for measuring the ' 
temperatures of any objects, and there is no real limit to the 
upper temperatures which can be measured ; for example, the 
fusion points of carbon and tungsten (4000° to 3000° C.) may 
be readily measured, and this type of instrument possesses the 
advantage of being out of contact with the heated object, and 
can be operated at a distance, so that there is no possibility of 
damage arising through excessive heating. 

In most instruments the heat rays are focussed upon a 
spiral or thermo-electric junction, and the temperature is 
measured or recorded electrically. 
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The Pery Radiation Pyrometer. 

This instrument consists of a telescope, as shown in Fig. 247, 
in which the heat rays A from the furnace are received on the 
concave mirror 0 and brought to a focus at N. It is necessary 
to employ such a mirror, as a glass focussing lens would stop 
a large amount of the heat of radiation and the foiSrth power 
law would not ipply with any accuracy. Looking through the 
eyepiece E, the observer sees an image of the furnace in a small 
mirror, M, and is able to point the telescope on the exact spot 
at which the temperature is required. 



Fig. 248. 

A small sensitive thermo-couple is situated just behind a 
small hole in the mirror M and becomes heated by the rays 
passing through the hole. A special device is employed for 
focussing the telescope whereby two semi-circular wedge-shape 
mirrors are fitted, and if the focus is not correct the reflected 
image appears to be broken by the halves of the mirrors, where- 
as if the focus is correct a continuous image is seen ; focussing 
is effected by means of a knurled-Readed screw attached to the 
pinion F. 

The size of the object sighted must l)e at least 1 inch in 
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diameter for every 2 feet of distance between the telescope and 
the object with this particular type of instrument. 

In a cheaper and less accurate form of this pyrometer, known 
as the “ spiral type ” the radiant heat is focussed upon a very 
small bi-metallic spiral, which controls the movement of a 
pointer wfcich swings across a scale calibrated in degrees of 
temperature. 



Fm. 248a. — The FiiRY Radiation Pyrometer and Stand. 

Th6 action of the spiral, an enlarged vipw of which is shown 
in Fig. 248, depends upon the difference of expansion in two 
very thin dissimilar metals soldered together flat and then 
wound in the form of a spiral which tends to uncoil as the 
temperature rises. 

The latter type of instrument is self-contained, and is very 
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convenient for ordinary works practice. The thei'mo-electric 
type requires a galvanometer, and this may be either of the 
direct reading class, or may be arranged to automatically 
record the temperature. These three types of radiatiorTpyro- 



Fig. 240. — Showing the Operation of the Radiation Pyrometer. 


meter — namely, the direct-reading* the self-recording, and the 
spiral, or portable, type arc manufactured for three standard^^' ^ 
ranges— namely, from 500^ to 1100° C., from 000° to 1400° C., 
and from 800° to 1700° C., respectively. 
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The Foster J'ixed Focus Pyrometer. 

The principal advantage of this pyrometer is that it does not 
require focussing ; like the Fery instrument it employs a thermo- 
electric junction for measuring the heat of the focussed rays. 



Fig. 250 .— Principle of the Foster Fixed Focus Pyrometer. 


The principle of this instrument* is illustrated in Fig. 250, in 
which C is the focussing mirror and B is the thermo-couple; 
both are enclosed in a tube with dull black walls. The open- 
ing BF at the entrance to the tube is provided with sharp 



Fig. 251. — Foster Fixed Focus Pyrometer Outfit. 


edges, and if lines be drawn so as to join the extremities of the 
mirror 0 with B and F, and these are ‘^produced to the hot 
surface AB, the same effect on the thermo- junction B will be 
obtained at any distance provided that the lines GB and GF 
when continued fall on AB, The instrument is so designed 

♦ Manufactured by the Foster Instrument Co., Letchworth. 
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that if AB represent an object 6 inches in diameter the same 
reading will be obtained at any point within 5 feet of the heated 
body. 

Fig. 251 shows the standard outfit supplied, consisting of a 
pyrometer, connecting leads, and galvanometer, or direct read- 
ing indicator. ^ 

These outfits are supplied for temperature ranges varying 
from 500*^ to ^000° C. (or 1)00° to 1800° F.) up to from 800° to 
1600° C. (or 1500° to 2900° F.) in six steps. 


foiteh 

pylJOMeTCT 



Fia. 251 V. — Recording Pyrometer. 

The operating distance limit is fixed for each outfit; the 
maximum working distance should not exceed the diameter 
of the hot body, multiplied by a distance factor, the value of 
which varies for different instruments from 6 to 16. 

This pyrometer is also supplied with an automatic recorder 
in the form of a flat circular ch^rt, upon which an ink line is 
drawn, so that a time temperature record is obtained with 
radii as temperatures and peripheries as times. 

Another form of this instrument, khown as the “ double 
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purpose outfit/’ shown in Fig. 252, is supplied for measuring 
the temperatures of molten metals, by immersing a closed 
fireclay or refractory tubd forming one end of the instrument 
in the molten metal, so that it is heated to the same tempera- 
ture and radiates heat to the sensitive part of the receiving 



Fig. 252 . - The Foster Double Purpose Pyrometer Outfit. 

tube, or thermo-couple telescope, situated at the other end, 
the temperature being either automatically recorded or read 
off directly. 

The Cambridge Optical Pyrometer. 

Some pyrometers work upon the optical principle, and employ 
either photometric or spectroscopic measurement devices. In 
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most of these instruments the method of operation consists in 
matching the brightness or colour of the source to be measured 
with that of a standard flame or light. 

In the ('Cambridge instrument temperatures ranging from 
700° to 4000° 0. may be conveniently and accurately measured 
by unskilled operators. ^ 

The outfit as shown in Eig 253 consists of the pyrometer A, 
which incluries the optical system, the electric, lamp providing 



the standard source of light, and the shield carrying the tem- 
perature scale and pointer, together with a 4-volt accumulator, 
ammeter and regulating resistance in the case C, and a standard 
lamp D and tripod E. 

The instrument may be regarclicd as a photometer, in which, 
by simply rotating the eyepiece, a beam of selected mona? 
chromatic light from the hot body is adjusted to equal intensity 
with a beam of similar light from an’ incandescent electric 
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lamp. It is not a colour- matching device, but depends upon 
the application of the principle of the fourth power law of 
radiation previously referred to. 

Behind the enlarged part in the front of the pyrometer in 
which is fitted' the electric lamp are two holes. Light from 
the object ^under observation passes through one, and light 
from the lamp through the other. These beams of light then 
pass through a system of lenses and prisms, and are polarized 
in different planes, and rendered monochromatic. Finally the 
two beams of light pass through a single ocular. The observer 
sees an illuminated cireular fi^d divided into two semi circles. 
One semi-circle is filled by an image of the hot body under 
observation, and the other is uniformly illuminated by the 
electric lamp. The two semi-circles are brought to an equal 
intensity of illumination by turning the eyepiece to which the 
scale pointer is directly attached. In this manner the un- 
known rays are compared with those of known intensity from 
an electric lamp. 

The ammeter and regulating resistance supplied, ensure that 
the current through the lamp, and therefore the candle power, 
remains constant ; the accuracy of the candle power may be 
readily checked in relation to that of a standard amyl-acetate 
lamp which is supplied. 

The standard scales provided with this instrument range 
from 700° to 1400° C., 900° to 2000° C., 1200° to 2500° 0., and 
1400° to 4000° C. 

Thermo-electric Pyrometers. 

When the junction of a pair of dissimilar metals is heated 
an electromotive force is developed, and by measuring the 
amount of this potential, in the case of certain suitable metals, 
the temperature may be deduced. , 

The relation between the electromotive force E and the two 
temperatures and of the two elements of the couple may 
be expressed in the following form, namely : 
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where a and h are constants for the particular metals used, the 
values of which may be readily found by measuring the values 
of E, when the couple is inserted in substances of known 
melting points;* two observations only are necessary. It has 
been shown that for platinum and platinum-rhbdium thermo- 
couples, the second term b is practically negligible 

when temperatures exceeding about 300° C. are employed, so 
that the relatidn between the electromotive force and tempera- 
ture T becomes a linear one and may be expressed as : 

where and are constants. 

The metals employed commercially for thermo-couples con- 
sist of “ rare ” metals, such as platinum ai!d platinum alloys 



Fig. 254. 


with rhodium and iridium, for measuring high temperatures, 
and “ base ” metals, such as iron and iron-nickel alloy, etc.f 
The various temperature ranges corresponding to these 
metals are indicated in Table CXLII. 

The use of rare metals is usually confined to scientific investi- 
gations and to the measurement of temperatures over about 
1000° C., and of base metals for temperatures below 1000° C. 

The thermo-couples are enclosed in quartz or porcelain tubes 
when the temperatures to be measured exceed about 800° C., 
and in steel sheaths ^vhen the base metal couples are used. 

The “ cold ” juilction of the couple (Fig. 254) is usually 
situated in the head of the pyrometer, and is provided with a 
shield, or protection of non-conducting material, so that the 
♦ See p. 656^ f For other thermo-couples see Table CXLII., p. 569. 
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junctions of the thermo-couples, terminals, and leads may all 
be at the same uniform temperature; in some cases the cold 
junction is water-cooled, so that the conditions of calibration 



Fig. 255. — Illustrating Method of using Thermo-Eiectiuo Pyrometer 
Outfits. 

are obtained. It should be pointed out that errors will arise 
if the cold junctions vary in temperature appreciably from 
their calibrated temperatures. 
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Twin, or twin-boro fireclay tubes are employed between the 
hot junction and the cold junction in order to insulate and to 
protect the wires. 

The thermo-electromotive force may be measured either on 
a galvanometer or may be arranged to automatically record 
itself upon a chart. The types of direct-reading galvano- 
meters usually employed commercially are the moving coil 
mirror or indiciPfcor types. 



Fig. 255 shows a typical thermo-electric pyrometer outfit,* 
with a direct reading indi(*.ator type of galvanometer, whereby 
the temperatures of the furnace arc read off directly on the 
scale. 

Fig. 256 illustrates i)he principle of one of the best automatic 
temperature recorders, known as the ‘‘Thread Recorder," 
and in which the pointer A moving about an axis R of a sus- 
pended coil galvanometer is automatically depressed by clock- 
* The Cambridge Scientific Instrument Co., Ltd. 


^7 
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work at definite intervals upon an inked thread Q, which passes 
between the drum O and the pointer. In this manner an ink 
dot is made upon the slowly rotating drum (7, corresponding 
to the temperature as indicated by the pointer. 

Fig. 257 illustrates the complete recording apparatus, 
showing the drum with a temperature record chart in place ; 
the drum in^this case is arranged to make one revolution in 
either two hours five minutes or in twenty^five hours, by 



r’lo. 257 .— -Thermo-electric Hecording Apparatus. 

means of a simjile change speed device. The standard tempera- 
ture ranges vary from 0° to 300° C. up to 0° to 1400° C. in six 
intermediate steps. 

It is possible to arrange for two or more coloured inked 
threads to work upon the same drum, together with an auto- 
matic mechanism to switch in two or more thermo-couples 
and to bring the corresponding threads under the galvano- 
meter needle, so that two or more records can be made upon 
the same chart. 

It is an advantage of the thermo-couple that not only may 
the temperature at a point in a mass of metal be measured, 
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but that, provided that the wires forming the junctions are the 
same, any number of pyrometers may be attached through a 
suitable switchboard to a single indicator; in this manner it is 
possible for one operator to ascertain the condition of a number 
of furnaces, from any selected spot, such as an ofShce, provided 
with the necessary galvanometer or recorder. , 

The Electric Resistance Pyrometer. 

The principle of this pyrometer* depends upon the fact that 
the resistance of a piece of j)latinum wire increases with the 
temperature, and that if the hfw of incn'ase is known the 
temperature may be found by measuring the resistance. 

Many substances, such as constantan, | show little, if any, 
resistance increase, whilst others, such as carfion, actually show 
a diminution as the temperature is iiKTcased; platinum in its 
pure state is, however, the only satisfactory metal to use tor 
resistance pyrometers. 

This type of pyrometer can be used for temperatures varying 
from - 200^^ to about 1200'' 0., and it is the most accurate typo 
employed, for it is easily possible to measurt; tcmj)eratures 
to within onc-tenth of a degree (1. 

The relation between tlu^ resistance M and temi)erature T 
may be expressed as follows : 

J{=r.a + bT + cr^, 

where a, 6, and c are constants. 

The relation between the platinum temperature as 
measured upon the assumj)tion of an uniform increase in 
resistance with temperature, and t the true temperature on the 
gas scale is given by — 

(Itoo) -Tooj 

Where 8 is a constant which has a value of about 1-5. This 
relation enables correetions (t - pt) to be found and applied 
to the observed readings. 

It is usual to measure the resistance with a form of potentio- 

* First used by Sir W. Siemens in 1871, and afterwards perfected and 
applied by Prof. H. L. Callendar. , 

f An alloy consisting of 60 per (jent. copper (in(l 40 per cent, nickel. 
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meter, or Wheatstone bridge, or to obtain direct readings with 
a form of Wheatstone bridge, known as the Whipple indicator, 
by means of which direct temperature readings may be 
obtained with great accuracy. 

1 



In the Callendar form of recorder, shown in Fig, 260, the 
principle of the Wheatstone bridge is employed, but instead of 
the bridge having to be balanced by hand, this is automatically 
done by means of the recorder mechanism. 
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In the usual form of resistance pyrometer the platinum wire 
is wound upon a cruciform-shaped mica frame, and the ends 
of the wire are connected to the head of the instrument by 
means of copper leads passing through mica disc insulators or 
separators. As the resistance of these leads varies with the 
temperature, and this effect would seriously affc^c^ th(‘ read- 
ings, a pair of exactly similar copper leads is provided and 



Fig. 260. — Hecokding Appakatus used with Platinum Resistance 
Thbkmometer. 

connected to another pair of terminals in the head, and thence 
to the opposite arm of the Wheatstone bridge ; in this way the 
copper-lead resistance? is automatically compensated under all 
conditions. • 

The platinum coil and leads are protected fi'om the action of 
the furnace by enclosing them in a porcelain or quarts tube, 
usually with an outer removable steel 8h*eath. 
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In the Cambridge form of instrument shown in Figs. 259 
and 261- the terminals are enclosed in an aluminium head 
with a sliding cover, and the leads are brought out at right 
angles to the stem ; in many cases it is necessary to employ 
armoured cables or leads for the first few feet leading from the 
pyrometey to a junction box, and to then continue from this 
box to the recorder with flexible-braided or lead-covered cable. 



Fiq. 261. — Platinum Resistance Thermometer (Outside View.) 

In the Siemens resistance pyrometer the platinum wire is 
wound upon a special fireclay, and is protected from damage 
by surrounding it with magnesia and ‘oncasing it in an iron 
tube. A single compensatifig lead is employed, which is joined 
up in the measurement device so as to compensate for aiiy 
variation in the ordinary leads. 

In the Leeds-No^thrup form of instrument the platinum 
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wire is wound upon lava, and a differential galvanometer is 
often used for measuring the resistance. 

A type of indicating galvanometer and bridge known as 
Harris’s indicator* is designed for use with the platinum 
pyrometer, and it possesses the advantage of gfving tempera- 
ture readings direct, without any experimental adjustment. 
A series of step resistances are provided, so that the tempera- 
ture range carf be varied by 100° C. at a time, and in the later 
forms an electrical control renders this process practically an 
automatic one. • 

* Made* by Messrs. R. W. Paul. 
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METAL JOINING PROCESSES 

i 

Metal Joining Processes. 

Metals, efoher similar or dissir/iilar in (*om])o.sition, may be 
joined together in many ways, depejiding u])on the eom})osi- 
tions of the metals and the jnirjioses for which the finished ])arts 

are required. The chief methods employed commercially are 

1 

as follows : 

1. Soldering or metallic cement processes, in which a solder of 
a lower melting point and dissimilar composition to that of the 
two metal parts to be joined is employed, and whi(‘h foims a 
true alloy with the surface metal of the |)arts. This process 
includes soft soldering and hard soldering, or braziiig. 

2. Autogenous fusing, or ivelding, in which the two parts to 
be united are heated and liquid metal of the same composition 
is run around the mass, or the parts are heated to the fusion 
point and the surfaces are caused to adhere by ijressure or 
by hammering. 

3. By cohesion, under pressure, in which the perfectly clean 
surfaces are heated, but not to fusion point, and pressed to- 
gether in a rolling mill or press.* This method is em])loyed 
for joining soft ilietals, such as lead, iron, and steel, and for 
making compound sheets of different metals. For example, 
compound tin-lead sheets are used for domestic bottle capsules, 
aluminium-copper for spun work, and in the case of nickel and 
steel, copper and steel, nickel and zinc sheets, etc. This latter 
process is somewhat outside the scope oi the present work. 

The above methods (1) and (2) empley a wide range of 

* 

* A good example may sometimes bo had m the case of cleaned iron 
sheets which have been annealed; it is often found that the bottom sheets 
are firmly united under, the weight of the sheets above, and cannot be 
separated. 
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working temperatures, and, generally speaking, the higher the 
temperature of the process, the stronger will be the junction 
of the parts united. The following table will give an idea of 
the temperatures of the principal methods mentioned : 


TABLE CXLVI. , 

Temperatures and Applications of Different Metal 
• Joining Processes. 


Process. 

Temperature 

a. 

Pewter soldeiing 
Soft .soldering 

(tinman’s) 

! 

90 to 130 
180 to 2.30 

Soft soldeimg 

(plumbci’s) 
Silver soldering 

240 to 290 

800 to <)50 

Bra/.ing 

840 to 920 

Electric arc 
welding 

3400 to 3000 

Rloctric resist- 
ance welding 

2000 to 3000 

Oxy ■ acetylene 
welding 

2400 to 2000 


Oxy-coal gas 900 to 1500 
welding ' 

Oxy - hydrogen | 1500 to 2200 
welding 

Thermit welding ' 3000 


. I pplicatioiis . 


For general jiewter work. 

For pipes, tubes, brasses, unions, and most 
general juirposes.* Steel, eo])])er, and 
brass. 

riurnbing work in general. 

For strong joints, petrol and od unions, 
llanges, instrumei/t work, aero, fittings, 
jewi'llciy, etc. 

For iron and steel pipe work, flanges, 
repairs, bicycle lugs, clips, and fittings. 

For tube and barrel manufacTure, filling 
steel castings, boiler platt's, cracks, and 
re])airH. 

For nvct-welding, butt-widding, spot and 
roller welding barrels and containers, 
llanges, domestic ware, tubes, tanks, and 
all gmieral work. 

For geiK'ral workshop and ])ortablity 
purposes. Automobile repairs and fit- 
tings, aero, clips, sockets, etc. dhibes and 
barrels. 

Metal cutting, high-pressure fittings, etc. 
Thin ])late work, lead-burning. 

Metal cutting, thin sheet metal work, lead 
work, building uji ^orn surfaces, ett'. 

For large and outdoor r(‘])airs, rail joints, 
tyres, ship repairs such as stenijiosts, 
rudders, etc. 


There is, of course, an appreciable latitude in the tempera- 
tures employed for soldering and brazing, depending upon the 
compositions of the ertdders themselves. 

It is often inadvisable, and sometimes impossible, to employ 
the high temperatures required for welding, owing to the risk 
of internal stresses, and the “ burning ” of the metal in the case 
of alloy steels and alloys in general. Further, it is not always 
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possible to employ brazing processes for high tensile and alloy 
steels, which only develop their full strength after suitable heat 
treatment. 

Soft Soldering. 

For many aeronautical purposes, steel and brass tubing, 
plates, anVl other parts are conveniently soldered with a low 
melting point tin-lead alloy. The process possesses the 
advantages of (a) ease and conveni^^nce, without exceptional 
skill being required, and (b) freeborn from the risk of affect- 
ing the temper or composition of the j)arts to be joined. Pro- 
vided that suitable soldering areas are allowed, and that socket 
clips and similar parts to be soldered are prop('rly designed,* 
very strong and permanent joints may be made.f 

In the case of thin tubing joints, the low temperatures 
employed are not likely to affect the strength of the metal, or 
to oxidize same, as in the cases of brazing or welding. 

The method employed for joining two parts by soft soldering 
is to first clean the parts thoroughly and them heat them to 
about 200° 0. in a non-oxidizing flame or atmosphere, J the 
temperature being just above that of the fusion point of the 
solder itself. The solder is then applied either directly or upon 
a heated tinned-copper soldering bit, using at the same time a 
suitable flux (for dissolving the oxides and keeping the solder 
molten). The surfaces are each soldered in this manner, then 
heated to the same temperature as before, wiped or cleaned of 
superfluous solder, and pressed, pinned, or clamped together 
and allowed to C(^ol. 

It is essential to employ a good solder of tin and lead entirely 
free from zinc, as the latter thickens the solder and forms a 
scum or oxide, which the ordinary fluxes will not dissolve. 

The layer of solder between the joints should be as thin as 
possible, and during soldering the surfaces, if flat, may be 
rubbed together, as it has been found that the “ wetting ” of 

* See page 4213 et seq. • 

t Aero])lane steel tubular fuselage frameworks, tail, rudder and control 
area frames, airship gondola frames, etc., are frequently built up of soft 
soldered and pinned tube^ and sockets. 

t Electrically heated soldering bits possess an advantage in this respect. 
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the surfaces is then more perfect, the joint accordingly being 
stronger. The soldering bit is useful for small articles and 
surfaces, but for larger parts, such as brasses, lugs, and ftttings, 
the parts themselves should be carefully heated in a suitable 
muffle, bunsen, or blowlamp flame. Electrically heated bits are 
very convenient for small work, and possess the advantage of 

keeping the soldered or tinned portions clean, 

« 

Compositions of Soft Solders. 

Most soft solders are alloys of lead and tin in different pro- 
portions, and with correspondingly different melting points.* 
Antimony is frequently present in tinman’s solder, and gives a 
rather stronger joint. 

The melting point of soft solder may be raised by increasing 
the lead content, and lowered by increasing the tin content. 
L(‘a(l melts at 325'’ C., whilst tin melts at 232° C. 

The addition to tin-lead solder of bismuth, and in some cases 
of cadmium, increases the fusibility of the solder, that is to 
say, lowers the inciting point. Thus, ordinary pewtering 
solders, which arc amongst the most fusible of those employed 
tor sold(‘ring, contain about 50 per cent, of bismuth, 20 per 
cent, of tin, and 30 per cemt. of lead; it has the lowest midting 
point of the series — namely, 00° C. 

Table OXLVJl. gives the compositions of most of the soft 
solders used in pra(!ti(;e, together with their principal applica- 
tions, whilst Tables CXXV. and CXXVI. on p. 500 give 
the compositions and melting points of bisrnuth-tin-lcad and 
lead-tin alloys, respectively. ' 

A very useful lead-tin solder for tubular socket and gentTal 
aero[)lane work is one composed of 00 per cent, of tin and 
40 per ce nt, lead; ordinary “ Eluxitc ” paste forms a good 
fluxing medium. 

Soldering Fluxes. , 

The function of the^ux is to kdep the surfaces to be united 
clean, by dissolving the oxides formed, and to promote greater 
fluidity in the melted solder. 


ISee Fig. 141. 
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TABLE CXLVII. 


Compositions and Melting Points of Soft Solders. 


Composition. 

Melting 





Applications. 

Point. 




Tin. 

j Lead. 

Bismuth. 

° C. 

0 

100 


325 

^ 

10 

90 



305 


20 

80 

' — 

2S0 

/Coarse plumber’s solder. 

J Fine plumbor’.s .solder for seam.s, angles, 

30 

70 

— ■ 

200 , 

40 

00 

— 

237 

1 etc. “ 

.50 

50 


212 1 

rCoarse tinman’s solder, ordinary cop])er 

1 bit. 

i Fine tinman’s solder, ordinary blow- 

00 

05 

40 

35 


190 ' 

ISO 

75 ! 
SO 




l pipe. 

25 

20 


183 

ISO 1 

j Fine and hard solders for blowpipes. 

20 ' 

30 

50 ; 

!H) 

Pewter solder. 

' 




- _ _ 


Fluxes may be either solid, liquid, or in th(‘ form of a paste. 
The liquid flux most commonly employed is that known as 

killed spirits,” or chloride of zinc; it is made by adding 
granulated zinc to hydrochloric (or muriatic) acid until all 
effervescence ceases. It is used principally for copper and 
brass -soldering work. 

Another excellent liquid flux* is made by macerating flux 
skimmings from galvanizing pots with weak hydrochloric acid. 
The solution, after Altering, is ready for use, and is very suitable, 
on account of the pr(‘sence of chloride of ammonia. Liquid 
fluxes are never ^employed in aeronautical or ekadrical work 
or in any instances in which there is any difficulty in thoroughly 
cleaning the soldered parts, owing to their corrosive or rusting 
effects; there is always present the danger of an excess of the 
acid, which will attack metals such as steel and brass. 

Resin and tallow are examples of solid fluxes, and these are 
not open to the previous objections; thdy are chiefly employed 
for aeronautical and electrioal work, and for lead and tin pipes. 
It is necessary to thoroughly cleanse the surfaces before using 

♦ “ The Joining of Metals,” A. E. Tucker, Journal of Inst, of Metals ^ 

1912. 
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these fluxes as, unlike liquid fluxes, they have no self-cleans- 
ing properties. There are many soldering pastes u})on the 
market which are very convenient for soldering purposes, but 
in many cases zinc chloride forms a constituent, and the same 
precautions are necessary as in the case of the liquid fluxes. 

A typical flux paste consists of starch and zinc^ chloride, 
mixed together until in the form of a paste; another widely 
used flux is mtide by mixing vasi'line, or petrolatum, with 
saturated chloride of zinc? in the proportions of 1 pound of the 
former to 1 ounce of the latter. 

Solderine is the name given to soldcjr in the form of tubes or 
hollow rods filled with resin, so that the solder and flux are 
combined. ^ 

Strength and Hardness of Solder. 

The strength of a soldered joint depends upon the composi- 
tion of the solder and upon the thickness of the layer of solder. 
For the best strength results the layer should be as thin as 
possible- namely, from 0-003 to 0-008 inch in thickne^ss. 

The strength of a pro[)erly soldered joint may be as high as 
3-5 tons per square inch rc-ckoned superficially — that is to say, 
the shearing strength ; the average value may be taken as being 
about 2-5 tons per suiierficial inch, with 00 tin and 40 h-ad 
solder, using fluxite. 

The hardness of various tin-lead solders* is given as follows : 


TA13LE (L\LVI1L 
Hardness of Tin-Lead Solders. 


Percentage of tin 

0 i 10 

1 

20 

30 

40 

50 

60 

Brinell hardness 
(500 kg.) 

3-90 10-10 

12-16 

14-46 

15-76 

14-90 

14-58 

Percentage of tin 

1 1 

66 ^ 

0 1 

68 

70 

80 

90 

100 

Brinell hardness 
(500 kg.) 

16-66 14-40 

14-58 

'15-84 

15-20 

13-25 

4-14 


* Kent’s Pocket Book, p. 409. 
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Hard Soldering. 

This process refers to the soldering of metals, using harder 
solders and higher temperatures, so that stronger joints result. 

It is the mej/hod employed for making up tubular structures, 
such as bicycle frames, torque tube joints, etc., and where the 
temperatus-’es employed are not detrimental to the metal parts 
it invariably gives a stronger joint. The proces,« cannot always 
bo employed with alloy and high carbon steel parts requiring 
special heat tn^atment afterwards. 

Silver soldering is a procesv'; of hard soldering with a solder 
composed of copper, zinc, and silver, using powderinl borax, 
or borax and carbonate of soda, as a flux. An exca'llent silver 
solder for strength and reliability is one compound of CO per 
cent, silver, 23 per cent, copper, and 17 per cent, zinc; this 
solder is very liquid when molten, and therefore readily fills up 
interstices between the joints. 

The following table gives the compositions of some typical 
silver solders : 

TABLE CXLIX. 

Compositions of Silver Solders. 


Composition per Cent. 

Silver. Copper. Zinc. 

.1 pplications. 

5 to 10 

t 1 

95 to 90 ' -- , 

For thin iron and mild steel sheets. 

45 

55 — ; 

A tough alloy for instrument make 



fluid. 

30 

50 20 

For small brass work. 

38-5 

46 1 15-5 

For bronze and nickel silver. 

9 

43 48 

For general work on copper alloys. 

80 

20 — 

Hardest solder. 

75 

25 — 

For general use. 

50 

50 — 

Softest silver solder; will not burn. 


Silver solders are employed for soldering-iron, steel, copper^ 
silver, gold, and their alloys*; for soldering turbine blades into 
position; for high pressure and temperature small pipe con- 
nexions; for petrol jnipc nipple joints; and similar purposes. 
For automobile and aircraft pipe joints and connexions, silver 
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solder is to be recommended, owing to its fatigue resistance 
and reliability; soft soldered petrol and oil-pipe joints in- 
variably fracture with repeated vibration. Brass pipits arc 
sometimes made by bending a sheet of brass into circular form 
through rollers or dies, and fixing the solder in the form of wire 
of suitable composition in the overlap with borax, (^n passing 
the work through a furnace in which it attains a red heat, the 
solder runs and*makes the joint; the flux is then removed by 
dissolving, and the tube drawn through dies in the usual way. 
Joints in beaten metal work* such as the trumpets and horns 
of musical instruments, art*c made with hard solder of suitable 
composition, and colour. 

Brazing. 

Brazing is the name generally given to the process of hard 
soldering of copper, brass, iron, and steel with solders consist- 
ing of copper, zinc, and tin or nickel. The basis of most of 
these commercial solders, or “ spelters ” as they are termed, is 
brass, and their melting points range from about 840° to !)20° C. 

The higher the proportion of zinc in the spelter, the lower the 
melting point becomes, and the more applicable is the spelter 
for alloys of a low melting point; it does not pay, however, to 
employ more than about 45 per cent, of zinc, on account of the 
brittleness and weakness of the product. 

The percentages of zinc for brazing iron and coj^per work 
are 35 and 40 respectively. 

The composition of commercial brazing solders varies from 
61 to 33 per cent, of copper, 39 to 60 of zinc, and from 0 to 
14 per cent, of tin. Lead may be present up to as much as 
3 per cent. 

The higher the proportion of copper present the higher will 
be the melting point, whilst the effect of tin in spelter is to 
whiten it. Tin solders •should not, however, be used for iron 
and steel owing to the deleterious effect of the tin upon the 
metals. 

It is important that the composition of the brazing solder 
should approximate somewhat to that of tlfe parts to be joined 
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for maximum strength conditions, as in the case of brazing 
solder for high pressure steam pipes. 

The following are the compositions of some typical brazing 
solders : 

TABLE CL. 

V' Compos moj^s op Bkazino Soldeks. 


Cotnposition per Cent. 


Copper. ] 

Zinc. Tin. 

1 Nielid. 

GO 

u ! -- : 


GO 

40 ! — ' 



50 

50 1 - 1 

1 

37-5 

50 1 ~ 

12-5) 

35-0 

57 1 — 

8-0 j 

57-5 

25 ; 17-5 

— 


Applications. 


Hardest, suitable for iron and steel. 
Hard, suitable for iron and cojiper. 
Ordinary spelter, for brass and copper. 

I White .solders, for nickel silver and iron 

l^hite solder foi brass; more fusible than 
spelter. 


Applications of Brazing. 

Brazing is used for a large number of purposes in commercial 
work, but is not used to any great extent, except for repair 
work in automobile or aircraft work. Bicycle and car frames 
are often made up of separate components brazed together, 
the parts being pinned with special pegs in order to hold them 
together and in the correct positions. Brazing opc'rations are 
usually conducted in a gas forge or brazing hearth provided 
with suitable temperature regulation means, and it is an 
advantage if a reducing atmosphere can be employed. 

The borax flux employed leaves a very hard slag, or scale, 
upon brazed joints, which can only be removed by filing, 
pickling, or sand-blasting. 

There are, at present, several methods of brazing in which 
the parts are dipped into a bath of molten spelter, the metal 
being prevented from adhering to the surfaces other than those 
to be brazed by coating thepi with blacking or similar composi- 
tions; these methods are economical and lend themselves to 
quantity production work. The joints made in this manner 
are more uniform, alid there is no possibility of internal stresses 
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owing to the general nature of the heating, as distinct from the 
ordinary local heating of the blow-pipe or forge. 

Another successful method is an electrical one ; it consists in 
connecting the two parts to be joined with the terminals of a 
dynamo. When the current is switched on, the parts, on 
, account of their high resistance, become heated to a brazing 
temperature, and the brazing wire, or spelter, which has been 
previously placed over the joint is melted, and fills the vacant 
spaces in the joint. WithHhis system a reducing atmosphere 
of hydrogen, nitrogen, or coal gas may be employed, and 
fluxes dispensed with. * 

Pieces of high-speed tool steels are often hard-brazed into 
iron or mild steel shanks suitably milled out ^o receive them, 
using strips of copper between the joints to be brazed, and a 
special flux. The whole tool is then raised to the welding 
temperature of the copper, and the joint is made. The tool 
steel can then be hardened and tempered, in the ordinary 
manner, since the temperatures employed are much below 
those of the melting point of copper. This method is probably 
applicable to other steel and iron joints. 

Brazing Cast Iron. 

In the ordinary way it is very difficult to braze cast iron 
on account of the carbon present, and of the oxides formed 
during the process; special fluxes are now available for cast 
iron work, and with special care fairly good joints can be made. 

A process invented by Pich* for performing this operation in 
an ordinary smith’s hearth, consists in decarburizing the 
surfaces of the cast iron parts to be united during the brazing, 
and in bringing the molten brass solder into close contact with 
the cast iron surfaces at the same time. 

A copper oxide mixed with borax and in the form of a paste 
is used for decarburizing, the surfaces; this paste is applied to 
the surfaces of the csP^t iron after they have been thoroughly 
cleaned. The parts to be^brazed are held in position with iron 
Vire and heated, when the borax is first melted and protects 

* A description is given in “ The Joining of Metals,^’ by A. E. Tucker. 

I. 38 
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the surfaces from oxidation ; it also prevents the copper oxide 
from being attacked by the oxygen of the air. As the heating 
proceeds the oxide of copper fuses and liberates its oxygen, 
which combines with the carbon of the cast iron, with the 
formation oi carbon monoxide and dioxide, and the liberation 
of copper, which in its turn combines with the brazing brass : 
the new brazing compound, which now possesses a highei 
melting point, combines with the dccarbunzed iron. Verj 
strong joints giving almost the same tensile strength as thai 
of the cast iron itself are obtainable with this method. 

Welding Processes. 

The principle of all welding processes consists in locallj 
heating the surfaces to be united until the fusion point ii 
reached, or in running liquid metal of a similar character int( 
the joint. 

The temperatuies employed are high, being the fusion point 
of the metals themselves, and in some cases a higher flaim 
temperature is necessary to take account of the loss of hea 
from the surfaces by conductivity, etc. 

Welding processes are in general a])plicable to elementar 
metals such as iron, copper, aluminium, and lead, and joint 
of practically equal strength to that of the metal itself ar^ 
generally obtainable, with suitable precautions. For alloys 
such as carbon and alloy steels, bronzes, and aluminium alloys 
the results of welding arc not always successful or reliabl 
owing to the composition of the metal at the surfaces of fusioi 
being altered; it is well known, for example, that mediun 
carbon steels are difficult go weld, and that high carbon steel 
are non-weldable. 

Low carbon steels are readily weldable, but great care i 
necessary in order to prev^ent local overheating and the inclu 
sion, of slag or oxide from the molten metal in the wel 
itself. 

The properties of a welded joint ‘cannot bo stated from 
superficial examination, and very often what appears to be 
perfect joint from' the welder’s point of view will reveal seriou 
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defects under the microscope, or when subjected to tensile 
and bending tests. 

Welding in Aeronautical Work. 

In aeronautical work it has become the pracfice to employ 
welding processes for unimportant parts only, or parjbs in which 
the joint is in compression only, such as strut sockets, clips, 
engine plate Stiffening ribs, compound edge-welded wiring 
plates, etc. ; welded joints for important work should never be 
employed for tensile, shear,* or bending stresses. 

It is important also to avoid any internal stresses in the 
welded parts, due to the intense local heating at the joints ; this 
may be partially remedied by an initial ger^eral heating of the 
parts, and by subsequent annealing. It should be added that 
several of the recent adaptions of electrical methods hav(‘ given 
fairly consistent strength results, rendering them apjdicable to 
many hitherto precluded types of work. , 

Welding Methods, 

There are four important methods of wadding employed in 
practice — namely : 

1. Electric Welding, using the electric arc, or the electric 
resistance heat. 

2. Flame Welding, using the combustion heat or flame of 
gases or vapours, such as hydrogen, acetylene, benzol, or 
petrol. 

3. Thermit Welding, in which the heat of combustion of 
powdered aluminium and iron oxides is utilized. 

4. Hand or Smithy Welding. 

These methods will only be briefly considered Iktc owing to 
their somewhat limited application to automobile and aircraft 
work, although they arc adaptable for repair work. 

• 

Electric Welding Methods. 

There are several well-known electrical systems in use, 
depending upon the electric arc flame, or the electrical resist- 
ance methods ; these methods in general necessitate the use of 
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special machines and fittings, which may be either fixed foi 
production work, or portable for repairs and work upon large 
objectsv 

The Electric Arc Method consists in directing the flame of a 
carbon or metallic arc upon the parts to be welded, either by 
moving the carbons or by employing a magnet to deflect the 
flame. 

The Carbon Arc Method . — The temperature of the carbon 
arc flame is about 3400° to 3600° C., according to the pressure 
employed, the former value referring to atmospheric pressure. 

The metals to be welded are brought to the fusion point, and 
the joint is filled with the melted welding metal, which is in 
the form of a strip or rod. A direct current is nearly always 
employed, and as the heat upon the positive side of the arc is 
generated nearly three times as quickly as that from the nega- 
tive side. The positive side forms the welding one. 

Tn the Bernardos system the work is connected to the posi- 
tive lead and the carbon rod forming the negative pole is fixed 
in an insulated holder. The arc is struck ” by touching the 
work with the negative carbon rod, which is then withdrawn 
to a certain distance depending ui)on the current used. 

The voltage employed with the carbon arc systems is about 
I'O, and the current varies from 50 to 500 amperes according 
to the class of work. A direct current only is employed for 
carbon arc systems. The diameter of the carbons varies from 
0-5 to 1-5 inches according to the current value. 

The current in this system is regulated both by means of a 
suitable regulating resistance and by manipulating the arc. 
The light and heat from the arc itself are very intense, so that 
the operator requires special gloves of the asbestos or heavy 
leather gauntlet type, and a mask or helmet provided with a 
screen for cutting off the ultra-violet rays. 

The arc itself should be about 2 to 4‘ inches in length, and 
the operator should endeavour to hold the c^irbon at the correct 
distance for giving a steady and quiet arc; if the arc is too 
short the metal boils and spurts, whilst if it is too long the arc 
wanders, and much‘of the heat developed is wasted. The 
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material of the positive electrode (in this case, the work itself) 
is carried across the arc in the form of a vapour, and is de- 
posited upon the negative pole; there is also some possibility of 
the carbon itself being deposited upon the mplten metal of 
the weld during the process. 

The carbon arc method has been successfully a}i^li('d to the 
process of fillyig up blow-holes in steel or iron castings, and 
when properly carried out gives very satisfactory results. 

Butt-joints are made by butting tlie pieces of#iron or ste('l to 
be joined, and adding pieces of 9<*ra}) of the same composition; 
the arc is then applied and worked along the joint, melting and 
fusing the scrap metal. The thickened joint is generally 
swaged whilst still at welding heat, the c.ai1)on and tlu' swage 
being used alternatively. In the case of lap joints, metal is 
added so as to level olf the angle end of the lap. 

In the Zerener process the arc is struck between two carbons 
inclined at an angle to each other, and the arc formed is 
deflected on to the work by means of an electro-magnet; this 
is similar in effect to a blowpipe flame. There is a tendency 
with this system of carbon being carried on to the welded 
joint. 

The carbon arc method has been successfully applied to the 
manufacture of steel oil drums,* tubes, boilers, cast iron 
repairs, copper welding,! and other work. 


Metal Arc Systems. 

There are several systems, such as the *Slavianoff, Quasi- 
Arc, and Alloy Welding Processes, in which cither a bare metal 
electrode is employed in place of the carbon one in the previous 
system, or a metal electrode covered with a refractory or 
fluxing material or a combination of both. 

fn the Slcivianoff»pr bare metal electrode system the arc 

temperature is mm^h lower, and the voltage required is also 

• 

♦ “Notes on Welding Systems,” by J. Caldwell, Inst, of Engineers and 
Shipbuilders in Scotland, January 22, 1918. 

f “Notes on Modern Methods of Electric Welijing,” by H. S. Marquand, 
Joum. Inst. Elect. Engineers, vol. liii., p. 851 
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lower (usually from 15 to 30 volts); the life of the arc poles is, 
however, much shorter. 

With the metal arc systems the current may be either con- 
tinuous or alternating, although the former is preferable. 

The composition of the metal rod should be similar to that 
of the work to be welded, but suitable constituents may be 
added to the material of the rod to approximate^to any desired 
composition in the metal of the weld. ^ 

In the meta<* arc system the positive pole metal is vaporized 
and projected upon the work, or negative pole; besides this 
action, molten metal portions from the smaller electrode may 
be projected bodily across the arc, and this fact is utilized in 
the process of filliiig the joint. 

The bare metal electrode is necessarily at a red heat for some 
distance along its length, and therefore becomes oxidized on the 
surface by contact with the air in its passage across the arc, 
and this oxide often* gets into the metal of the weld and forms 
flaws; moreover, the electrode dissipates a good deal of heat. 

With metal arcs in general the heat of the flame is very 
much less than that of carbon arcs, but the energy consump- 
tion is smaller. 

Coated Metal Electrode Methods. 

The first improvement made upon the bare electrode method 
was to enclose the metal rod in a fireproof sleeve of a non- 
conducting material such as fireclay or special asbestos com- 
positions, as in the Kjellberg system. In this case the metal 
is protected from oxidation and heat radiation, and as it is 
removed by the arc the sleeve projects beyond the arc and 
forms a guide for the molten metal; the sleeve automatically 
drops away as the metal melts. 

In the Quasi-Arc and Alloy W elding Processes and similar 
methods, the process originally used by Stromenger — namely, 
of employing a sleeve to the metal electrode containing suitable 
fluxes is employed. 

The flux melts as tfie arc is formed and covers the end of the 
electrode and also the weld join,t, so that it protects it from 
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oxidation. The flux is frequently chosen* to contain con- 
stituents having a chemical action upon the fused metal, 
so as to improve its quality. , 

The coated electrode is usually clamped in a suitable holder 
and moved by hand along the length of the weld 5,t an uniform 
rate, and with a sideways swinging motion across the weld, as 
in the blowpipe welding system. 

Th(‘, arc in tliis system is very short, being about one-eighth 
of an inch as a rule. • 

The composition of the ccTating varies«with the material anS 
the type of work. Usually the base of the coating is asbestos, 
and this material is ijnpregnated with salts suitably chosen 
with the object of forming a mixed silicate flux or slag of 
suitable viscosity, and also for cleaning off the oxides. Either 
basic or acid silicates may be em])lo5l!9 in the fluxes depend- 
ing upon the metal welded. 

The matc^rial of the electrode itself m^y also be varied to 
suit the work; for example, high speed or special tool steel 
pieces are sometimes welded to mild steel shanks with nickel- 
plated steel rods. 

Aluminium wire or ribbon is sometimes wrapped around 
the rod before the flux coating is made; in one method the 
aluminium wire bound iron (‘lectrodc is covered with blue 
asbestos spun yarn, and it is claimed that owing to the strong 
affinity of the aluminium for oxygen, a much stronger and 
cleaner weld is obtained. The proportion of aluminium to 
iron required is about 1 to 400 or 500. 

Welding Data. 

In a typical ! coated electrode method of welding, the voltage 
required caries from 20 to 27, and the current from about 35 
to 180 amperes, according to the thickness of the plate to be 
welded. • 

The following table shows the most suitable gauges of elec- 
trodes and currents fou different Sicknesses of steel plate or 
work : 

* As in the methods of Alloy Welding Prooesses Ltd., London. 

t The Equipment and Engineering Co., Ltd., London. 
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CURKENTS FOR MeTAL ElECTRODES. 


; of Ele(fvrodc. 

1 

I Current in A mperes. 

1 

Thickness of Plate 
or Work {Inches). 

i 

14 

36 


12 

40 

' i 

10 

95 

and ^ 

8 

140 

4 

6. , 

180 

1 


Fig. 262 illustrates some of the prineipal types of joints 
employed in electrical welding, the black portions indicating 
the deposited metal. 



SINGLE BUTT ' DOUBLE BUTT PLAIN LAP 



SINGLE ANGLE 



DOUBLE ANGLE 



FLANGE JOINT 



FLUSH LAP SIDE BAR JOINT 

Fig. 262. — Showing Types of Electric Welds. 

The speed of welding varies from abbut 15 to 50 feet per 
hour, depending upon the type of joint and the thickness of 
plate. 

As an example may be quoted a typical case, in which two 
plates of inch thiciness were welded together with a vee- 
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joint at the rate of 40 feet per hour, using 50 feet of 10 S.W.G. 
covered metal electrode, depositing about IJ feet of electrode 
per foot run of weld. The voltage eiuployed was 105, and the 
current 105 amperes. 

In another example two J-inch plates were butt-welded at 
the rate of 24 feet per hour, the voltage being 1(J5 and the 
current 50 amperes, 40 feet of 12 S.W.G. electrode being 
consumed. * 

Composition of Iron Electf odes, and Deposited Metal. 

The carbon and manganese content of the iron or mild steel 
electrode in the bare or coated metal method of welding is 
invariably reduced in amount by oxidizing, so that the de- 
posited metal is almost pure iron. 

The results given in Table CLll. have been selected from 
several sources.* 

Preparation and Mode of Working. 

The types of weld employed, as shown in Fig. 262, will 
depend upon the nature of the joints and the thickness of the 
metal. Butt-joints must be suitably prepared by vceing and 
fitting. Plates of less than J inch do not require notching or 
veeing as the arc heat will penetrate to this depth. For thick 
plates both the angle and dei)th of vce must be greater in 
proportion, so that the electrode end is enabled to get down 
near the notch of the vce. 

It is frequently necessary to apply seveml layers of weld 
in order to obtain the full thickness of the weld. 

Where it is not possible to cut away the metal to form the 
' vees, as in certain classes of repair work, a space should be left 
between the two joint faces to allow the metal to flow into the 
weld; a carbon electjode with reversed polarity can often be 
used for preparing J.he* edges for welding. 

• 

* Notably from “ Expcrtmcnts on the Application of Electric Welding 
to Large Structures,” by W. S. Abell, Journ. of Commerce (Liverpool and 
London), March, 1919. “Notes on Welding Systems,” by J. Caldwell, 
Inst, of Engineers and Shipbuilders in Scotland, January 22, 1918. 
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It is necessary to remove all rust, paint, scale, and dirt from 
the vicinity of the joint, otherwise the deposited metal may 
be weak. • 

Good electrical connexions should be made by means of 
suitable clamps. 

In working, the bare end of the electrode, free from flux, 
should be placed in the holder, and the other end moved to- 
wards the work with a slight up-and-down motion, the rod 
being held at right angleS to the work. ^ 

The (dectrode should moihenta^ily tofich the work to strike 
the arc, and as the metal begins to flow, the electrode should 
be moved down the joint with a zig-zag iriovement across the 
joint, feeding the electrode down as it burtis away, so as to 
leave an uniform deposit. 

The arc should be kept as small as possible, the end of the 
electrode being kept practically in the slag, which wlien the 
proper conditions of working are attained m a bright red colour, 
the electrode metal itself being a dull red. 

Where an electrode is consumed before the joint is com- 
pleted, the metal should be thinned out for a short distance, 
and thoroughly re-fused before proceeding again, taking care 
to remove the slag beforehand. 

Several layers are often necessary, in which case the slag 
must be removed beforehand by chipping with light taps 
of a suitable hanpiicr or tool and with a wire scratch 
brush. 

The operator should wear a mask with non-actinic glasses, 
to stop the ultra-violet rays, and should be provided with 
asbestos or leather gauntlet gloves and an asbestos or leather 
apron. 

Fig. 263* shows the methods of welding up steel barrels for 
withstanding internal pressures of about 100 pounds per 
square inch; the diag^^ms show alternative methods of joining 
cylinder ends with*internal or external butt-straps. 

The Resistance Metllod of welding is now widely applied in 

♦ “Some Modern Methods of Welding,” by J. T. Heaton, Proc. Inst, of 
Mech. Engrs., February 20, 1914. * 
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the manufacture of metal artieles, more particularly for sheet 
metal parts, such as half-stampings, which have been made 
separately, and require assembling together afterwards. 

The heat is generated by the passage of a current of high 
amperage, and of low voltage through the joint, and it is 
usual to pmploy a single phase alternating current for this 
class of welding. The voltage generally varies from about 2 to 
8 or 10 in resistance welding. 

There are three principal methods of welding — namely, Butt 
or Contact, Seam or Roller, aqd BpU welding, and there arc now 
special machines upon the market for the purposes. 

In Spot Welding processes the work is placed upon a fixe d 
copper contact piece or electrode, and a second movable 



electrode is held or pres>sed upon it; when the current is turned 
on the work is heated to a welding heat at the desired places. 
The process is akin to riveting, except that the sheets or parts 
are joined at spottj by local welding instead of by rivets. The 
electrodes vary in shape according to the nature of the work, 
and in spot-welding machines the electrodes are pressed on to 
the work by means of a foot-operated lever, which also auto- 
matically switches on a low voltage current welding the 
surfaces under the electrode. The work js then moved along, 
after the foot lever is released, to the next position. 

For plate welding as many as 1000 wields or spots per hour 
can be done in one of these machines, either foot or mechani- 
cally operated. 

Spot welding is employed in the manufacture of all kinds of 
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work, in place of riveting; for example, buckets, kettles, pans, 
stoves^ galvanized iron work, etc. 

Seam Welding. 

This is similar to spot welding, but it is continuous instead 
of being intermittent, so that fluid-tight joints can^be made. 
The method is applicable to thin metal sheet work ; it includes 
the })rocess knoVn as roller welding. 

The electrodes in this cfise are in the form of rollers, through 
which the two sheets are passed, and*th<f; current is turned on 
as tile work proceeds, heating up the metal of the two sheets 
over the width of the rollers to a welding heat. 

The pressure between the rollers whilst t^e heated work is 
passing is sufficient to unite the metal sheets. 

The continuous seam joint is stronger than in spot-welding, 
and can be rapidly made; it is essential, how^ever, that the 
surfaces to be welded must be quite cleap, either pickled in 
acid or sand-blasted. ^ 

Butt Welding. 

In the Thomson -II on si on process of contact welding a heavy 
alternating current is passed through the joint, raising it to 
the welding temperatur(?. 

Contact welding, in which a continuous seam, or butt, is 
welded, is applied to gas and watertight joints. In these cases, 
the work is caused to travel slowly under the electrodes, so that 
a progressive or continuous welding occurs. 

In this method of joining bars, rods, rail-sections, and other 
objects by direct abutment, the pieces are clamped or held 
together end-on, the clamps forming part of or being connectec 
to the transformer low-pressure winding. 

When the current is switched on, the joint is heated tc 
welding point and pr^^sure is applied* by means of a lever- 
system, ratchet, or*hydraulic system. 

The pressure and curitint are maintained until a distinct bun 

* An example of electric butt welding in the case of aluminium is illus- 
trated in Fig. 270 on p. 628. 
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is formed at the junction, showing that plastic flow at fusion 
temperature has taken place and that any oxides or slag has 

been squeezed out. 

0 

The weld is usually hammered whilst still red hot. It is 
sometimes dssirable to increase the current passing as the 
welding progresses, in order to keep up the temperature as the 
contact r’esistance approaches that of the pure metal. This 
is carried out by means of a regulating re^stanco and an 
ammeter in the primary circuit of the transformer. 

This me‘Gh6d of welding is used for joining all kinds of rods 
and bars, steel rails, and tyres, wire apd tubing in manufacture 
and in cable making, etc. 

Steel barrels, boilers, receivers, tubes, plates, rims, such as 
those of bicycles, half-stanq^ings, domestic? utensils and other 
objects may be satisfactorily welded by the butt or contact 
method; it is important, however, that the metal parts should 
not be too thick or of irregular thickness. 


General Notes. 

Welds are u.sually made much quicker by the electric pro- 
cesses, and the joints are capable of withstanding high pres- 
sures in the case of drums and receivers. For example, welds 
have been made in gas cylinders which have successfully with- 
stood a pressure of 4000 pounds per square incjh, and in mild 
steel tubes of inch thickness by I J inches inside diameter, 
which have withstood an hydraulic pressure of 6 tons per 
square inch. ^ 

Electric welding, once the plant has been installed, is much 
cheaper and cleaner for many classes of work, particularly 
for quantity production and standard articles, but the initial 
plant cost is much higher than that of most gas welding plants. 
The electrical methods are not in general suitable for small 
and complicated shapes such as those employed in aero- 
nautical work. 

The following table gives some of the results obtained* by 


* Iron and Trade Review. 
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butt welding round rods varying from J to 1 inch in diameter, 
electrically, in the shortest and longest times respectively. 


TABLE CLIIT. 

9 

Electric Butt Welding Results. 


Diameter 

of 

Iron Rod. 

'I'tme in Seconds. 

» 

Current {A mps.). 

1 

Volts per Square Inch. 

Least. 

A. 

Greatest. 

n. 

A. 

B. 

A. 

• • 

B. 

\ 

2-7 

5-0, 

1900 

1645 

39-5 

35-5 

i 

8 

4-0 

5-27 

4330 

^90 

45-5 

19-7 

1 

2 

4-0 

1.5-8 

6600 

1800 

36-6 

13-0 

1^0 


21-5 

8400 

3400 

8-0 

12-25 

f) 

s 

3-5 

10-85 

9400 

5510 

* 33-7 

18-85 

.! 

1 

4-0 

22-2 

10,000 

9400 

16-3 

19-7 


7-0 

17-0 

11,900 

10,550 

27-7 

19-6 

1 

33-0 

114-0 

7740 

4450 

10-4 

1 16-1 


Gas Welding Systems. 

There are four important gas welding jirocesses — namely, 
(1) the Oxy-Hydrogen; (2) the Oxy- Acetylene; (3) the Oxy- 
Coal Gas; and (4) the Oxy-Benz systems. 

The two latter systems are not employed to any extent 
in engineering work at ]3resent, but the last-mentioned process 
possesses the advantage that it gives a higher flame tempera- 
ture than that of the oxy-hydrogen system, and that it is 
more convenient to use a liquid fuel in practice owing to its 
compact and portable nature. 

The oxy-coal gas system is largely employed in lead-burn- 
ing and is economical, but the impurities in coal gas usually 
have a detrimental effect upon the metal welded; the flame 
temperature is about 30 per cent, lower than that of the oxy- 
hydrogen one. 

• 

(1) The Oxy-Hydrogen Process. 

The process of combustion of hydrogen and oxygen results 
in the formation of water in the form of steam, one volume of 
oxygen being required to two of hydrogen for perfect com- 
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bustion theoretically. In practice, however, a large excess of 
hydrogen is employed (usually from four to five volumes of 
hydrogen to one of oxygen) in order to produce a reducing 
flame — that is to say, to prevent oxidation of the metal. 

The effect the excess of hydrogen is to reduce the flame 
temperature from about 2000^ to about 1500° C., so that 
the process is not applicable to metals having a high conduc- 
tivity and melting point, for a considerably higher flame tem- 
perature is then required. 

The calorific*Value o^ hydrogen completely burnt in oxygen 
is about 350 B.T.U.’s per cubic foot, b,ut, owing to the excess 
of hydrogen necessary, this value is appreciably reduced in 
practice. 

Oxy-hydrogen welding has been employed for thin iron and 
steel sheet and pipe work, as the flame is more diffused and 
less intense than in the case of oxy-acetyleiie, and the metal 
is therefore not so readily burnt or over-heated. 

The oxygen and hydrogen employed for this process must 
be very pure, and it is therefore usual to employ the electro- 
lytic gases. 

(2) The Oxy-Acetylene Process. 

In this process the two gases oxygen and acetylene (CgHg) 
are led under pressure* into a common blowpipe, provided 
with independent regulating valves, and is ignited at the out- 
let, forming an intensely hot flame; the temperature of which 
can be varied from 2000° to 2500° C. 

The heating value of acetylene is about 1500 B.T.U.’s per 
cubic foot, and it consists approximately of 92 ’5 per cent, 
carbon and 7 '5 per cent, oxygen. 

When burnt in oxygen the following are the chemical re- 
actions ; 

2C2H2 + 502 = 2H20+4C02, 

that is to say, two volumes of acetylene require five of oxygen 
for complete combustion, and the produces of combustion con- 

* This is termed the high pressure system. In the low pressure system 
only the oxygen is delivered pnder pressure, and by an injector action draws 
the acetylene gas into the burner. 



METAL JOINING PROCESSES 609 

sist of four volumes of carbon-dioxide and two of steam or 
water, vapour. 

Acetylene gas is.made, eommerciall,) , by the action o^ water 
upon calcium carbide (CaC 2 ), the chemical reaction being as 
follows : ' 

(;aC2 + H20 = Ca0 + C2H2- 

One pound of calcium [woduccs 4*5 ful)ic feet of acedylcnc, 
and if tln^ carbide is dccoJiiposed at the rate of 4 pounds 2 )cr 
hour, about bj gallons t)f -water will be rerjuired for every 
b pounds of carbide dccojnjiosed. ‘ • 

Actually it is found necessary to U!i(‘ about four voliunes 
(instead of two) of acetylene to five of ox>gen. 

In consequence of the' high flame tefnpcj'atures, the waiter 
formed by the primary combustion is dissociated into hydrogen 
and oxygen, and the latter (‘h'inent combines at onc(‘ in the 
flame with the carbon of tlu' acetylene to form carbon-dioxide, 
leaving the hydrogi'ii to combine only witji the oxygen which 
has passed out of the hottest flame zone; so that it does not 
involve a consuTuption of Inait at the (‘Xpeiise of this zone. 

Jt is thought that the hydrogen, which is not able to com- 
bine with th(‘ oxygen in th(‘ iiiiKu* flame zone owing to the 
high tcnipcrature existing (which is above the dissociation 
tem])erature) remains tcunporarily in a free state and ])artially 
protects the inner zone from heat loss by radiation, whilst 
preventing any tcjidcmcy of oxidation. 

The reason for the diflereiu^e between the actual and the 
theoretically larger volume of oxygen required lies in the fact 
that the temjicrature of combustion is much higher than that 
of the dissociation of the steam, and as a result the hydrogen 
in the acetylene passes to the outer edge of the welding flame 
where it is cooled by the air, and also extracts oxygen from it, 
burning at a reduced temperature and forming water vapour 
in the process. 

Production of Acetylene. 

There are two systems used for oxy-acetylene welding 
namely, the Jdgh and the low pressure onts. 


I 


39 
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The High Pressure System consists in using both of the gases 
under high pressure, the acetylene being supplied dissolved 
in aceione, or a porous material soaked in acetone. 

Acetone is a liquid hydrocarbon which can absorb about 
25 times its own volume of acetylene gas at atmospheric pres- 



Fio. 264. — Injector Blowpipe for Oxy-<\cetylene Welding. 


sure, and for each increase pf atmospheric pressure the volume 
absorbed is increased some ten times, so that the cylinders 
which are usually supplied at 10 atmospheres pressure can 
contain 250 times their volume of acetylene; for practical 
reasons, however, they are only filled with 100 volumes. 
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With this system acetylene can be supplied in a pure state, 
whereas in low pressure systems the gas must be carefully 
freed from all impurities for welding purposes. * 

The Low Pressure System, which is the one most commonly 
employed, uses acetylene gas generated on the spot from 
calcium carbide in a special generator. , 

The oxygen is supplied in cylinders usually of 100 cubic feet 
capacity (of free gas), and of from 98-5 to 99-5 per cent, purity, 
at 120 atmospheres presSure. A special injecto^ fcy’in of blow- 
pipe is employed, in whi^h th^ How* of the oxygen under 
pressure, through a special injector* nozzle* A (Eig. 264) 
induces a supply of low pressure acetylene through the pii)e 
leading from C, and the two gases may be#mixcd in any pro- 
portions by means of the regulating valves B and C. A variet y 
of different nozzles are supplied, usually differing in the shape 
and size of the portions B and for different work. 

It is stated that with the type shown in Fig. 264 a negative 
pressure or suction of from 5 to 14 inch(;s of mercury can be 
obtained. The following table gives the approximate gas 
consumptions for different mild steel plate thi(!knesses for 
different sizes of blowpipe. 


TABLE CLIV. 

Acetylene and Oxygen Gas Consumptions. 
(British Oxygen ('ompany.) 


No. of blowpipe . . ' 2 ' 

3 

4 

5 ; fi 

7 

8 j 10 12 

15 

Approximate thickness in. 
of plate joint .. , 

in. 

in. 

.iV 

in. , in. 
i 1 T’rt 

. *1 
in. 

.•i\ 

in. in. ' in. 

n h \ 1 

in. 

1 

A p ]) r 0 X 1 - 
mate con- 
sum ption 
of gases • 
per hour 
in cubic 
feet 

f A 

Oxygen 1’75 

r. ft. 
3-0 1 

1 

6-5 

c. ft. c. ft. 
9-0 16-0 

1 

c. ft. 
23-0 

1 

r. ft.'r. ft. c. ft. 
34-Oi 48-0' 75-0 

c. ft. 
100-0 

Acoty- c^/f. 
leno l-iC 

• 

c.//. 

2'0 

c. ft. 
4-5 

! 

c. ft. c. ft. 
6-3 11-2; 

# 

c. ft. 
.16-0 



c. ftL. ft. c. ft. 
24*0 34-0 52-0 

1 

c. ft. 
70-0 


Aole . — The above gas cotisumption figures are average result-) obtained 
when working on cold steel plates. In the thicker sections a considerable 
saving can be effected by pro-heating in the region of the joint. 


* The British Oxygen Co, 
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Acetylene Generators. 

Generators for low pressure acetylene sjiould be of the 
correct proportions, for too small a generator will result in 
much heat bekig evolved; and, apart from the dangers of the 
higher pressures, the acetylene may be decomposed into other 
hydrocarb()ns ; in any case the temperature of the gas should 
not exceed 100° (I on leaving the carbide. ‘ 

The generation of acetylene should be slow and regular, 
and the ra*be‘of decomposition should not exceed about 
4 pounds of carbide per hour." 

In the water -to-carbide type of gcuicrator which is widely 
used, the carbide is placed in a number of separate boxes or 
compartments, and water is admitted to eacli compartment 
in turn, so that when one charge is exhausted the next is 
attacked. 

Fig. 265 illustrates, in section, a common type of acetylene 
generator used for low pressure welding.* It consists of a 
cylindrical body or water reservoir in which floats a gas-holder 
suitably guided by means of rods. The carbide chambers are 
situated in the bottom of the tank, so that the gas generated 
is cooled by the surrounding water. The carbide chamber is 
subdivided by partitions G into compartments, as explained 
above, so that the carbide in one box only at a time is acted 
upon by the water. The water supjdy to the carbide is auto- 
matically regulated by the rise and fall of the gas-holder, 
which actuates a valve controlling the supply of water. The 
acetylene generated is partially purified by washing, and the 
moisture is removed in a condensing chamber, after which it 
passes into a purifier in a separate compartment. 

Purifiers. 

The best known purifiers are Heratdl and Frankolm, the 
former being a chromic acid solution which is capable of re- 
moving sulphur, phosphorus, and ammonia, changing its colour 
as it becomes “ spent ” from orange to green; one pound 

* Aeronautics, August 23, 1916, 
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of heratol will purify about 110 cubic feet of acetylene. This 
purifier attacks metals, so must be used in earthenware or 
enamelled vesseFs. Frankolin is a solution of cuproui^oxide in 



strong hydrochloric acid, absorbed in porous earth, and is 
capable of purifying about 100 cubic feet of gas per pound. 
It should also be only used in earthenware or enamelled 
containers. 
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Another impurity in acetylene gas is phosphoretted hydro- 
gen, which must be removed, owing to its deleterious effects 
upon tht metal of welded joints. * 

Back Pressure Valve. 

All acet^/lene generators are now supplied with an 
''hydraulic hack-pressure valve,'"'' which is fixed pn the acety- 



Fm. 260 . — Hydr\ulio Back Pressure Valve. 

leiie supply pipe in a vertical position, as close to the blow- 
pipe as can be conveniently done; the function of this valve 
(Fig. 266) is to prevent the oxygen froiii flowing back along 
the acetylene pipe, and thereby forming a dangerous explosive 
mixture. The acetylene inlet and outlet pipes are shown at 
A and B respectively. Water is poured through the funnel C, 
which is provided witfi a loose-fitting cap until the chamber D 
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is filled to the level of the tap E which is used as a level-indica- 
tor. .The pipe F should be long enough to give a grater water 
pressure than tha>t of the acetylene gas (that is, great^u than 
about 8 inches). If the blowpipe nozzle becomes choked at 
any time whilst the oxygen tap is open, this gas* will be forced 
along the pipe leading to B, and the back-pressure will act on 
the surface of the water in D and force the water up the pipe 
F, displacing flic lid C, so that both gases will escape into the 
atmosphere until the ta^s A and B are closed. 

Acetylene gc^nerators fo** workshbp* jiurposes arc usually 
made in capacities of from 200 to 300 cjiibic feet, and for larger 
capacities tluiy are arranged in a series so that when one be- 

$ 

WN/T£ LUMINOUS CONE TRANSPARENT BLUE NON- LUMINOUS FLAMC 



Kif}. 207 . — The Oxv-Aoetvlbne Feamb 


comes exhausted, the action automatically proceeds to the 
next, without any interruption in the su[)])ly. Tht' exhausted 
chamb(‘rs can be recharged without inttuTcring with the other 
generators. 


The Blowpipe Flame. 

The blowpipe is “ started,” by turning both oxygen and 
acetylene taps full on and lighting at a small wick lamp; 
the acetylene is theU in excess, so that it must be gradually 
turned off until there is a clearlj^ defined cone at the orifice, 
varying in height or length from J inch to f inch, according 
to the size of blowpipe. Fig. 267 shows the type of flame 
obtained with oxy-acetylene. If the c«ygen is in excess the 
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flame becomes pale in appearance, and short, and when applied 
to the metal to be welded causes a discharge of sparks. . 

An (Excess of acetylene causes a black * (carbon) deposit 
around the welded area, and the flame becomes much longer 
and of a brifliant red-white appearance, with a green cay) 
over the inner cone. The best flame condition is the one giving 

f/ 

the greatest heat, slightly reducing in character, and with a 
well-defined inner cone with a pale outer flame. 

, r 

* * I 

General Welding Notes.* 

The parts to be welded should b(^ tvdl cleaiual of all scale 
and in cases of butt, or (‘dge, wealds (Fig. 2()S) the metal may 
be chamfered, so as to give a greater area, and to permit of 
more intimate contact with the welding rod or strip metal 
when fused. 

The comj^osition of the welding strip should approach that 
of the jmrts to be weldt'd; it is usual to ejnploy shearings of 
the same metal, or pure Swedish iron vire. 

In the case of thicker platc's, can* should bo taken to imdt 
the edges inwards for at least one-quarter of the plate thic'lniess, 
whilst adding the additional metal from the fc'eding wire Light 
hammering of the weld in the case of iron and steel, whilst 
red hot (900° to 1000° C.) will usually improve its quality 
and strength, but hamnuTing should not be done below a 
bla(;k-hot temperatun^ 

All parts to be welded should, if j)ossibl(', bt* pre heated before 
welding, in order tp minimize tempeu-ature stresses. 

All welded parts should be anneah^d at 850° to 900° C. to 
remove internal stresses due to unequal heating and cooling. 
For thin plate welding, the flame should be a reducing one, 
and great care is necessary to prevent ‘‘ burning,” by raising 
the flame immediately fusion has occurred. 

Alloy and high carbon steels cannot bo- properly welded by 
the ordinary method, as the^se metals have a lower melting 
point which approximates to that of the 6xid(^s of iron formed, 
so that, instead of the oxide fusing before the metal as in the 

* For oxy-acetylene welding. 
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case of iron and mild steel, and rising to the surface, it remains 
imprisoned in the weld metal ; it is necessary to use a special 
d(;oxidizer, as in the case of cast iron. • 

The procedure, when welding is finished, is always to close 
the combustible (in this case, the acetylene) gas tap first. 
The burners become hot during welding and shoiiy be occa- 
sionally cooled in water. 

Provision should be made for the escape of the carbon 
dioxide gas combustion* ])fodu(‘ts when working in confined 
spaces. * ^ * 

It is essential for woiicmcn to wear»tinted or blue goggles 
whilst welding. 



Fi(3. 26S. — Tvi’es of L’i..\te WeliTs. 


Types of Welded Joint. 

Fig. 268 sliows some of the principal methods of making 
welds. 

When the plate thickness is less than 16 8.W.G. (-064 inch) 
the ordinary straight *butt weld is used, as shown in {A), 
Fig. 268. For thicknesses between 16 8.W.G. and 0 8.W.G. 
(about I inch) the edges are bevelled to about 45°, as shown 
in (B), Fig. 268. 

Between about and inch the angle of the bevel should 
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be about 90°, as shown in (C), Fig. 268, whilst for thicker 
plates it is advisable to double-bevel the edges, as sho>vn in 
(D), Fig. 268, the angle of the bevel increasirxg with the thick- 
ness to a certain extent. 

Speed of Welding. 

The following table gives the average rates at which welding 
can be done with mild steel plates of varyirtg thicknesses, 
together with the gas correspondin,g <?onsumpt ons. 

It will be (Observed, that the speeds are roughly inversely 
proportional to the plate thickness, ar\d that the gas consump- 
tion varies as the plate thickness. 

TABLE CLV. 

Rates of Welding of Mild Steel Plate and Gas 
Consumptions. 


Thickness of 
Plate. 


2 


Approximate 
Pan per Hoar 
in Feet. 

Oxygen 
Pressure, 
Poaads per 
Square Jack. 

40 

5 

38 1 

0 

2() 

7 

14 

8 

12 

111 

9 

14 

G 

17| 

5 

22 

4 

24| 

AH 

27 

3 

30 

H 

32| 

2 

35 

H 

40 


Consumption per Hour in 
Cubic Feet. 

Oxygen. 

Acetylene. 

2 

H 

3 

H 

34 

3 

() 


8 

() 

IG 

12 

29 

20 

35 

28 

45 

35 

55 

42 

78 

G3 

92 

73 

lOG 

82 

125 

100 


The Strength and Testing of Welded Joints. 

The tensile strength of a welded joint varies from about 
70 to 75 per cent, in the casf of thick plates up to 85 to 95 per 
cent, for thin plates, when the joint is 'properly made. 

The strength of a joint is, however, to a large extent, depen- 
dent upon the skill 6-nd experience of the individual welder, 
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and for this reason, whilst some joints may be practically as 
strong as the original metal, others may, on the other hand, be 
considerably weaker ; it is the weakest possible joint that deter- 
mines the strength of a welded structure, so that considerable 
care must be taken in employing such structures for taking 
tensile apd bending loads. 

In aeronautical work welds should never be allowed to 

«/ 

take any important loads in tension or bending. 

A serie^j of tests which were nnl'de upon wvlded joints made 
by hand, acetylene, Und el(^ctrical processes, gave the results 
shown gra2)hically in«Fig. 269, in which the thick black ordi- 
nates repre'sent, in height, the properties indicated on the side 
of the diagrams.* Th(“ following table gives particulars of the 
processes by which the joints were made. 

The joints were tested in tension and in repeated bending 
upon the Wohler type* of fatigue testing machine, and their 
properties were compared with those of the original unwelded, 
material. Fig. 269 shows (1) The tensile strength of each joint 
expressed as a percentage of that of the original material; 
(2) the local extension expressed as a percentage of that of 
the original material; and (3) the fatigue strength of hollow 
specimens in terms of that of the original material. 

The want of uniformity in the heights of the ordinates, 
taken as a whole, shows that whilst a good percentage of the 
joints are nearly as strong as the original metal, yet several are 
considerably weaker, and no guarantee can be had of any 
particular joint being uniformly as strong as the original metal. 

The variable nature of the elongations is also an indication 
of the want of uniformity of ductility at the joint. It may be 
added that these joints were made and supplied by a number 
of different manufacturers, the names of whom were designated 
by the letters in the first column of Table CLVI. 

A good workshop test of a welded jojAt consists in hammer- 
ing over the welded joint, or to hammer add break the superfi- 
cial scale, and to apply petroleum to the weld. If there is any 
crack, the petroleum will quickly soak through and show up 

See Fig. 104, p. 212. 
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TABLE CL VI. 


Desig- 

nation. 

Particulars of 

, - - - — 

j M atonal. 

A 1 

Wrought iron and mild 


steel 

i' 

Low carbon steel 


0*22 car boll steel 

ii 

0*.>7 carbon .steel 

i 

0* ()()() carbon^, steel » 




E{ 

H 

J 

K 

L 


n{ 


Wrought iron 
Mild Steel (0*217'^ ('.) ‘ 
Wrought iron 
Mild steel bur (0-171'^ C.) 
Wrought iron 
Mild steel (()’175° C.) 
Wrought iron 
Steel (0*222° C.) 

Steel (0*204° C.) 

W rought iron 
Mild steel (0*056° C.) 
Wrought iron 


Steel (0*207° C.) 
Wrought iron 
Steel (0*158° C.) 

Best chain iron 

Yorkshire wrought iron 
Staffordshire wrought 
iron 

Wrought iron 


Particulars. 


.Hand-woldod and cleetrically welded, 
40 joints in all. J 

Joints hand- welded, using silver sand and 
searfing. 

10 joints in all. 

0 hand- welded iivet steel joints. 

0 electrically welded rivit steel joints. 

(Thomson i^rocess). 

0 hand-welded joints, 

6 „ ^ 

3 .. 

6 „ 

0 

3 „ 

3 „ 

0 M 

« M . 

6 electrically welded joints. 

6 oxy-acetylene welded joints, using mild 
steel wire for feeder, and slightly 
hammering after welding, then an- 
nealed. 

6 ditto. 

0 hand- welded joint.s. 

0 

»» M 

2 electrically welded joints. 

3 hand- welded joints. 

3 


by a black patch the exact locality. Another method of 
detecting flaws or cracks is to electro-plate tfie part, when any 
surface crack or defect can be readily seen. 

Closed vessels for containing liquids or gases should be 
subjected to an hydraulic test. 

The tensile strength of electrically welded joints, properly 
executed, and as used in production work, has been givenf at 

89 to 96 per cent, hf that of the original metal. 

> 

* “The Strength of Welded Joints in Iron and Steel” (Stanton and 
Pannell), Proc. Inst. Civil Engrs., 1912. 

f “Modern Methods of Welding,” T. T. Heaton, Proc. Inst. Mech. 

Engrs., 1917-18. 
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Applications of Oxy-Acetylene Welding. 

This process is widely employed in aeronautical workshops 
for building up sheet metal clips, sockets/ frames and lugs, 
engine plates, tanks, and similar parts which are not subjected 
to appreciable stresses. The plant cost is much lower than in 
the case pf electrical welding, and it may readily be made 
portable. In automobile work the process is^used for sheet 
metal work, body-panelling, and small unimportant fittings; 
it is not j^s a rule employed fof ihiportan*^ parts carrying 
loads or subjected to ‘'road ijiliocks, as experience has shown 
that, unless carefully “performed, and by skilled operators, 
8U('h welds soon break under road conditions. 

The principal application of the process, however, is in con- 
nexion with automobile repair work, and several firms now 
make a speciality of this class of work. The author has had 
some excellent repairs made to motor-car cylinders, the water- 
jackets of which were cracked through the water having frozen, 
to aluminium crank cases, magneto cases, and cylinder holding- 
down flanges. 

In the case of repairs to water-jackets, it is often necessary 
to cut out a i^atch from the outer jacket in order to get at 
the inner portion, and to reweld the patch afterwards. The 
whole cylinder is preheated to 500° to 600° C. before welding, 
to avoid local cooling stresses. Cast iron and aluminium parts 
can be now satisfactorily welded, with suitable fluxes and 
precautions, and repairs may be effected to broken or cracked 
castings; in most cases these parts are not subjected to 
heavy loads, and a slight loss in strength does not matter 
very much. 

The rims and frames of cars and bicycles are often welded 
by the acetylene process, and the spot or butt welding methods 
have been applied to replace hand-riveting processes in frame- 
work. f ‘ 

Many parts which have been worn do'v^^n by friction can 
pften be built up again with iron or miM steel, and afterwards 
a se- hardened. 

^ew teeth have also been successfully welded in gear-'^heels; 



METAL JOINING PROCESSES 


625 


it is probable, however, that the copper fusion method of fixing 
hard iool steel into soft steel tool-holders could also be applied 
to the case of brGicen gear-wheel teeth. t 

An interesting welding machine known as the “ Oxygraph ” 
is now employed for cutting out sheet metal to any pattern. 
The pantograph principle^ is employed, in which a pointer 
follows the original drawing or design, whilst the acetylene 
flame, or torch, is steered along by means of a tractor wheel 
driven by a smnll electiic motor at a uniform rate. Designs 
can be cut with any irregularity of' shape and to any scale 
at a rate of from G to 10 inches a minute in steel up to 2 inches 
thick, and the smoothness of the cut gives a good edge finish. 

Another machim', known as th(‘ “ Duag»;aph,” is designed 
to W('ld the longitudinal seams in steel barrels and siinilar 
work. The sheet metal is bent around into cylindrical form 
and welded; then the bilge is made by various methods of 
rolling and expanding by hydraulic pressjire, or alternatively 
two beads are rolled out. It will be seen that a very good 
quality of wdd is necessary in orde. to withstand this treat- 
ment. The machiiKJ in question is so designed that there is 
an acetylene flame upon each side of the metal, one of which 
travels a little ahead of the other, so as to heat the metal in 
front. Welds made in this manner are very efficient. 

A large amount of steel tubing is now made by seam welding 
rolled sheet metal, and subsequently drawing the welded 
tube down in dies ; with suitable 2 )recautions very strong 
tubing can thus be made. 

Welding Cast Iron. 

In welding cast iron, precautions must be taken to (‘liminate 
the oxide of iron slag formed by means of a suitable flux, and 
to preheat the work to a dull red heat before welding, so as 
to avoid temperature tracks. 

The oxide of iron formed is of, a lighter density than the 
molten cast iron, and it does not melt at so low a tempera- 
ture, so that with a suitable flux it can be eliminated more 
readily on rising to the surface of the melted metak 
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In all cast iron welding work, the feeding rod, or strip, should 
be of ferro-silicon ; this acts as a deoxidizer, and prevei:kts the 
decarbfirization of the cast iron into white ifOn. 

Grey cast iron is more easy to weld than white cast iron, 
and the production of grey iron in the welded zone is more 
feasible a^fid desirable in the case of acetylene welding; there 
is, however, a tendency to form the white variety of iron, owing 
to the burning ” of part of the "free gra 2 )hitic carbon. 

The silicym^ in the feeder rod cOirfoines more readily with 
iron than carbon does,^ind therefore tends to replace the latter 
which would otlicrwiscf combine with the molten iron; more- 
over, it even displaces carbon already combined with iron, 
setting it free' to ir3place that previously “ burnt ” out during 
welding. A suitable flux* consists of ('qual parts of soda 
bicarbonate and soda carbonate, to which ma\^ be added about 
12 per cent, of borax and 5 per cent of precipitated silica. 

The presence of manganese in cast iron or in the feeder rod 
tends to promote^ the formation of wliitc' iron, by oxidizing 
the free carbon, and it should tlna’efore be ])r(.\s{'nt only in 
very small quantities. 

It is important not only to slowly heat the parts before weld- 
ing, but also to allow them to cool down slowly after welding. 

Nickel-iron alloy rodsf for th(^ electric resistance method 
of welding an; stated to giv(; consistently reliabh; results in 
connexion with the welding of cast iron. 

Welding of High Carbon Steel. 

It is only possible to properly widd stiads containing below 
about 1‘25 per cent, of carbon, and in thc'se eases the same 
procedure is adopted as in the case of ca.st iron, but stead wire 
or rod is used for feeding. 

Welding Malleable Iron. 

Malleable iron is welded in the same iqaiiner as cast iron 
except that the feeder employed is one^of Swedish or charcoal 
iron; it is necessary, also, to preheat the work. 

* Recommended by The British Oxygen Co., Ltd. 
t Alloy Welding Processes, Ltd., London. 
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Welding Copper and its Alloys.* 

The principal (difficulties experienced in the welding 
copper are due to the great heat conductivity of the meti 
which necessitates a higher flame temperature or » larger blo^ 
pipe, and to the property which copper possesses of rapid 
oxidizing, and of dissolving its own oxide whcif molte 
Further, the effect of the well-known property of molten copp 
for occluding gases such^ as oxygen, carbon-monoxide, ai 
hydrogen, is to rendc^r the ipetal por(»us^ wlum e<5ol* owing 
the escape of these gases. * 

It has been found that if pliosphorus is used as a flux, or 
incorporated in the welding rod, th(^ absorption of gases 
prevented and the oxidation of the molten nn^tal dex's ir 
occur, owing to the formation of phosj)horie acid, by the oxyg( 
and the ])hosphorus, which floats on the surface of the molt( 
metal and forms a protective laycT. 

The welding of copper alloys such as gunJinetal, brasses, ai 
bronzes necessitates the careful selection of a suitable weldii 
rod, for the constitution of these alloys varies considerabl 
and cc'rtain of the elements present, such as l(\ad, zinc, nicki 
may become oxidized. For most common ])urposes a weldii 
rod of rcjlled mangarmse bronze has been found suitable; ai 
it is advantageous to have a small percentage of j)hosphori 
and also of zinc present in the composition, to r(^j)lace tl 
oxidized or volatilized metal. The best all-round flux is bora 
Care should be taken not to overheat the metal, the mo 
suitable temperature being the one at whiclf small globul 
appear upon the prepared surfaces. 

Welding of Aluminium. 

It is now possible to weld aluminium, although the proce 
is by no means an easy one; many aluminium fuel tanks f( 
aircraft, containers, | sheet-metal and panel work, casting 
domestic utensils, etc., are now satMactorily welded. 

The chief difficulty experienced in the process of weldii 

♦ The following procedure is that recommended ‘by the British Oxyg 
Co. 
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is to eliminate the oxide formed at the surfaces of the molten 
metal ; this oxide has a higher melting point than that of the 
metal itself, and it forms very readily, for*^aluminium, when 
Jiiolten, has a great affinity for oxygen. 



Fi(3. 270. — Butt Welding Machine for Aluminium, etc. 

The presence of this oxide film not only affects the heating 
properties of the flame on the joint, but if it is not eliminated 
it solidifies before the other metal and'forps a skin, or coating, 
over the joint, so that no junction is made. 

The melting point of the oxide is nearly 3000° C., whereas 
that of the metal itself is only 650° 0., so that the difficulty 
in providing a suitable flux, which will dissolve the oxide at 
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the low melting point of the metal, and at the same time protect 
the molten metal against further Oxidation, is by no means 
a small one. • 

Fluxes of special composition are now a.’C^ailable, and those 
are found to give satisfactory results. 

It is an advantage t(> tap or slightly hammer the joints after 
welding, and to reheat to about 450^ C. In Avoiding aluminium 
siieets, the surfaces must be wdl cleaned and butted together. 
The flux is applk'd in tliti fl)rm of a paste, and vvln^n the l^low- 
pi]a‘ flame is applied and workej:! alon^ the s(xim the m(4als 
will unite and the oxid(* or slag, ^vill fioat to the surface. 

In butt welding, the oxide and a small (quantity of the metal 
arc mechanically s(][ueezed out of the joints from Avhich they 
are afterwards removed upon cooling down. Fig. 270 illus- 
trates a typical butt- welding machine.* 

In cast welding the oxide flows to the top of properly designed 
risers in the mould itself. 

Oxy-Acetylene Metal Cutting. 

The oxy-acetylcne, coal gas, hydrogen, or bcmzol va})our 
flame can be made to sever, or to cut through steel plate of 
almost any thickness, with almost th(‘ rapidity of hot-sawing, 
and with similar results as regards the appearance of the 
cut edges; it ])ossesses the further advantage, however, of 
being able to cut out any shape or ])rofile. 

The principle of the cutting of metal by an oxygen-gas flame 
consists in first molting the metal, next comJ[)usting or oxidiz- 
ing it, and then rendering the oxide formed molten, afterwards 
blowing it aAvay with the oxygen or a separate oxygen supply. 

Oxide of iron is formed at a fairly low temperature, but it 
is not very fluid, so that unless it can be eliminated from the 
heated area it adheres to same, and not only acts as a heat in- 
sulator, but also pre^jnts further combustion. 

Special metal ciftting blowpipes^ are now employed, in which 
an additional or third passage is provided for an independent 
supply of oxygen for furnishing the additional heat necessary 

* The British Aluminium Co., Ltd., London. 
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to keep the oxide fluid, J)ut also to blow it away from the 

metal. ^ 

Fig.* 271 illustrates a metal-cutting blowpipe, made by the 
British Oxygen Co., in which the combustible gas (that is, 
the acetylene and oxygen in their correct proportions for com- 
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bustion) is led into the annular space i),"whpst the independent 
oxygen supply is conduct^ through the central passage Cf 
Regulators are provided at 0, P, and P for varying the quanti- 
ties of the oxygen and combustible gas. 

In the case of mdtal-cutting machines, which are designed 
to feed the blowpipe or metal relatively to each other at a given 
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rate, the blowpipe usually has a separate oxygen supply pipe 
which is brought to a passage immediately behind the heating 
flame. 

When acetylene gas is employed it is found that for thick 
plates of 1 inch and over the oxygen and acetylene propor- 
tions ar(‘ about 1) to L Avhllst for the thinnest platens they are 
about 3 to 1 . 

With coal gas tln^ corresponding ])roportiotis are roughly 
4 to 1 and 1 t(^ 1 rcspebtiVely ; this gas is more suitable for 
small work and thin plates* owipg to the lower temperatures 
concerned, and for ])lail^es ii]) to abont f inch the coal-gas 
system giv(‘s ck'aiuT but .slower results. 

Metal plates up to nearly 2 feet in thitkness can be cut 
by these methods; armour plate is readily cut to any shape; 
patches can bo cut out of ships, plates, and bars; rods and 
parts of almost any section can be readily severc'd. 

Table CLVIII , on p. 632, gives some iidca of the rates of 
cutting mild .steel plate, together with the oxygen pressures 
and consumptions. 

Thermit Welding. 

This method posscs.s(‘s the advantage that it can b(‘ a[)})lied 
in a very compact and portable form It consists in heating 
a mixture of powdered aluminium and iron-oxide, such as mill 
s(!ale, with a special igniter ])owder, in a small fire-brick lined 
funnel-shaped ve.s.sel; when the combu.stion, or rather the igni- 
tion point is attained the alinninium combines with the oxygen 
of the iron-oxide, .setting free the iron, and tfle temperature of 
the reaction is about 3000° C. The iron is produced in the 
molten state, covered with a slag, and it can then be “ tapped ” 
into the joint to b(‘ welded. So intense is the heat evolved, 
that if a I inch steel plate is pla'ced under the tapping hole 
a clean hole will be b^irnt right through it immediately. 

In many cases wrought iron or steel turnings, punchings or 
shearings, are mixed \vith the tAermit powder in order to 
give a stronger metal. 

It is estimated that about 6 or 7 pounds weight of thermit 
is required for every square inch section of the joint to be 
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Cutting Rates, Pressures, and Gas Consumptions* for 
' Mild Steel Plate. (B. 0.\Jo.) 


! 

Thickness 
of Plate, 
Inches. * 

Oxygen Pres- 
sure at Regu- 
lator Outleiy 
Pounds per 
Square Inch. 

Oxygen 
Consumption 
per Hour in 
Cubic Feet. 

Foot Run of 
Metal Cut per 
Hour. 

t 

i 

Oxygen used 
per Foot Run 
of Cut. 

i 

24 

48 . 

1 . 

4 


« 28 

, 00 

* 00 • 

1 

4 

32 • 

' 75 ^ 

50 


1 

32 

* 88 

40 


n 

30 • 

05 

35 


n 

3!) 

105 

30 

3i 

2 

45 

125 

25 

5 

3 

."42 

180 

20 

0 

4 

58 

300 

20 

15 

5 

05 

420 

20 

21 

(5 

70 

432 

18 

24 

8 

80 

504 

18 

28 

11 

115 

020 

13 

48 

12 

125 

050 

13 

50 

14 

125 • 

000 

12 

75 

17 

130 

1350 

12 

112 


Note. — The size of the cutting nozzle varies from ,\t inch for \ inch 
plate up to incli for 12 inch plate, but a wide range of thicknesses may 
be cut with each nozzle by simply varying the amounts of gas passing 
through. 

welded; the weight of a cubic inch of thermit is about 
0'28 pound. 

This process is very convenient for open-air repairs to such 
parts as railway lines, tramway rails, tyres, ship’s repairs, and 
similar purposes.#- 

It is important to avoid all traces of moisture in the powder 
or upon the faces to be welded, otherwise blow-holes may be 
caused. 

The strength of a properly executed thermit weld is believed 
to be somewhat better than that of electrical welds on account 
of the greater volume of heat and of the absence of oxides. 

r 

The Union of Metals by Compression! 

It is well known that when metallic powders are sub- 
jected to high pressures in a mould, they will unite into a 



METAL JOINING PROCESSES * * 633 


solid mass, which possesses all of the properties of the original 
metel from which the powder was obtained. 

When lead p^f tides or filings are compressed in a cylindrical 
mould at a pressure of 13 tons per square inch, they become 
compressed into a solid block, whilst at about 33 tons per 
square inch pressure the* lead flows like a liquid through all 
the cracks of the apparatus. 

Lead pipes and other shapes may be extruded or squirted ^ 
in this manner^ and eofpftr locking-washers and rings between 
iron or steel male and f^malc^ members can also be squirted 
similarly. » • 

Bismuth, which is a hard, brittle, crystalline metal, when 
in the form of 2 )owder, unitc's under a pres|urc of about 38 tons 
per square inch into a hard mass similar to that obtained 
by fusion, and which gives the same crystalline fracture. 

Different metals require different union-pressures as the 
following results show: , 


Lead unites at . . 


13 tons per square inch. 

Tin 


.. 19 

Zinc ,, 


. . 38 

Antimony iinit?s at 


. . 38 

Alunimium ,, 


. . 38 

Bismuth „ 


. . ,38 

Copper ,, 


. . 33 

Lead flows at , . 


. . 33 

Tin 


..47 

It has also b(^en shown 

that certain alloys can be produced 


by subjecting a mixed powder of the constituents to high 
pressure. Thus, if a mixture of finely divided metals consist- 
ing of bismuth 15 parts, lead 8 parts, tin 4 parts, cadmium 
3 parts, be compressed, the well-known alloy, fusing at 100° C., 
is obtained. The melting point of the most fusible of the con- 
stituents- -namely, tin — is 232° C. 

The manufacture of compound sheets of different metals, 
such as nickel. an^ steel, copper and steel, aluminium and 
copper, etc., is^ al^o based upon the above principle,' but 
heat is applied to facilitate the*process. 

In the manufacture of copper-aluminium sheets, the copper 
sheet is first pickled, cleaned, and dried. Aluminium powder 
is then brushed on by machinery, or by means of brushes. 
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A sheet of clean aluminium is then placed on the copper, and 
the two are heated and passed through the rolls. The union 
thus obt^ained is perfect, and the compourKl sheet can be 
worked, machined, stamped or spun as a solid sheet. 

There are, df course, other electrolytic and chemical or 
fusion methods for making compound sheets; these are, how- 
ever, somewhat outside the scope of the present work. 



CHAPTER XII 


THE PROTECTION OF METAL SURFACES 

The qucatiftfi of th\3 protection of inetal surfaces exposed 
for long periods to eorrofeive influenocs is an important one, 
more especially in aeronautical worh, since in many cases it 
affects the strength and durability. 

Thin plates and tubes, tension wires, seaplane and flying- 
boat fittings, the individual wires of cables, soldered and welded 
joints, etc., are very apt to nist, and in cases where the 
thickness of the part is small, the effects of corrosion may be 
serious. 

* 

Corrosion of Iron and Steel: Theoretical Considerations. 

Primarily corrosion consists in the oxidation of the iron 
itself, due to the combined influence of the oxygen and carbonic 
acid gas of the air, and of moisture. The r(\sults of investiga- 
tion show that iron cannot rust in air or in oxygen, unless there 
is some water present, and that it cannot rust in water unless 
oxygen is present. 

The chemical composition of iron rust is a complex one, 
and it has been shown* to consist of hydrated oxides of iron, 
basic ferric carbonate, organic matter, and very often fixed 
sulphur; phosphates and silicates are also present. 

Many theories have been advanced to account for the cor- 
rosive action effects, amongst which the electrolytic theory 
is, perhaps, the most convincing. This theory assumes that 
it is necessary fbr :i*on to first pass into solution as a ferrous 
iron before it caij oxidize in the wet way. During the process 
of solution the iron l^ecomes elec’trically charged, and the dis- 
solved portion receives an equal and opposite charge. Solu- 

* “Corrosion and Rusting of Iron,” E. K. IJidoal, Proc. Soc. of Engrs., 

1917. 
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tion ceases when the electrical balance is attained, unless there 
is some other mechanism whereby this balance is prevented. 
It is thovght that the formation of numerouf/ minute electro- 
lytic cells all over the metallic surface is one of these preventa- 
tive influences Vhich causes solution to continue. 

The hydrogen which is liberated at the surface of the iron 
should, in the ordinary way, act as an insulating medium and 
prevent further action; but, unfortunately, it ^ does not do 
this, for it combines with the atmorpheric oxygen and leaves 
the metal surface unprotected. It' is generally believed that 
the rate of corrosion isigovcrncd by the rate of combination 
of the oxygen and hydrogen, unless there is another depolarizer 
present. ^ 

It is apparent from the above theoretical considerations that 
in order for a metal to possess the, highest non-corrosive ten- 
dencies, it should be as free as possible from certain impurities, 
such as manganese, ai^d that it should be so homogeneous as not 
to retain localized positive and negative nodes for long periods. 

Some Practical Considerations. 

It has been shown, more or less conclusively, that iron does 
not corrode so rapidly as steel; for example, in one series of 
tests* pieces of iron plate and soft Bessemer steel were both 
cleaned and polished, and wele exposed to the action of a 
mixture of loam and sand, with which had been thoroughly in- 
corporated some carbonate of soda, nitrate of soda, ammonium 
chloride, and magi^esium chloride, with moisture. The pieces of 
metal were taken out, cleaned, and weighed after 33 days’ 
action, when the iron was found to have lost 0*84 per cent., 
and the steel 0 72 per cent, of its weight. Tests, lasting over 
a period of seven years, also showed that the average corrosion 
of mild steel was about 120 per cent, greater than that of 
wrought iron. , ' 

It is also known that iron or steel whicii is subjected to 
vibration rusts less quickly than otherwise; for example, steel 
rails which are not in use rust quicker than those in actual use. 

* Tests made at Riverside Iron Works, Wheeling, W. Va. {Kent.) 
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One point in connexion with the corrosion of iron, which 
does not appear to have received the attention which it merits, 
is that very find-grained hard surfaces, such as thosj^ of case- 
hardened or hardened iron and steel, rust far less quickly 
than those of the untreated material. * 

Large open-grained 2 n«tal, such as wrought and cast iron, 
is found to^ corrode fairly rapidly; cast iron in salt water 
becoiiies soft and porous, so that in some cases it can be cut 
with a knife. » White, H‘tose-grained cast iron is found to be 
less affected by corrosion than the cba:rser-grainecf grey variety. 

The following table •shows the rela^ve corrosion of mihl and 
nickel steels, compared with wrought iron, under the respec- 
tive influences of fresh and salt water amj the weather : 


TABLE CLIX. 

Relative Corrosions of Steels and Iron. (H. M. Howe.) 


MeUd. 

Sen Water. 

Fi enh Water. \ Weather, 

1 1 

1 

Average. 

Wrought iron 

\ 

100 

100 * 100 

I 100 

Mild .stopl 

114 

94 , 103 

103 

3 per cent, nickel steel 

83 

80 07 

77 

20 per cent, nickel steel 

32 

32 30 

31 

The following value's* 

relate to 

the relative corrosions of 


rolled bars of Delta IV. metal, wrought iron, and steel, each of 
which measured 7*5 inches long, and had a sectional area of 
0‘62 square inch, and which were exposed for months in 
pit water : ^ 

TABLE CLX. 

Relative Corrosions of Metals in Pit Water. 


Metal. 

« 

Weight of Bar 
when first put info 
Water. 

• 

W eight after 

0^ Mouths. 

Percentage Loss 
in Weight after 
6^ Months. 

Wrought iron . . 

Pounds. 

,M805 

Pounds. 

* 0-6393 

46-3 

Delta metal 

1-2787 

1-2633 

1-2 

Steel 

1 1-2125 

0-6614 

46-45 


♦ The Engineer, 
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Manganese bronze, when immersed in colliery water, noted 
for its bad rusting properties, was found to have lost about 
20 per cept. of its weight after 52 days’ imme»?sion, and Delta 
metal 4*43 per cent. 

It has also b5en found that the acids and other constituents 
of timbers, such as oak, cause corrosion of iron or steel 
objects in contact with them. 

For this reason it is usual to employ copper,* aluminium, 
or copper alloys, such as the bronzcsr and D^lta metals, for 
fittings dircclly attached tb timber. ' 

Copper bolts and rivers are much used in shipbuilding and 
structural work partly for this reason. 

There are now certain alloy steels, such as the 25 per cent, 
nickel steel and high chrome or “stainless” steel, which are 
practically non-corrodiblc, whilst certain of the aluminium 
and copper alloys will withstand exposure for long periods 
without experiencing corrosion. 

It has been shown that corrosion is greatly accelerated by 
the increase in the sulphurous acid in the air of manufacturing 
towns, and by the presence of strong electric currents in the 
ground of towns. 

For these reasons, ordinary lead pigment paints are not 
satisfactory, and more (effective measures must be adopted. 

Mill-black (FegO^) has been found to be (dectro-negative 
to the metal itself, and therefore to act as a stimulator of 
corrosion under certain circumstances. 

Linseed oil, which is frequently employed for paints and 
coatings, is an unsaturated hydrocarbon, and acts under certain 
conditions as a depolarizer, so that it accelerates corrosion 
in these cases. 

Corrosion Prevention Measures. 

Apart from the prevention of rusting or adrrosion by keeping 
the metals thoroughly dry — a procedure which can seldom 
be realized in practice— there are four principal methods of 
protecting metallic surfaces which are exposed to corrosive 
influences — namely ; ‘ 
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{a) The process known as “ browning ” or “ blueing ” of 
polished steel articles which is, tO a certain extent, a pro- 
tective measure, jthe film of oxide formed protecting tfie metal. 

(h) By coating with a varnish or lacquer. 

(c) By painting with oxides, non-corrosive ptiints, and solu- 
tions. 

[d) By the deposition of a non-oxydizable or (‘lectro- 
positive metal upon the surfaces. 

[a) Browning Methods. . . > ^ 

The commonest mode of “browning” consists in heating 
the polished parts in a sandbatli to a tcMuperature of about 
250” to 200” C., and allowing to cool. 

Another imWhod consists in heating to about 300° 0. or 
above, and plunging the ])art into oil; to obtain a thicker 
coating the part, when covered with mineral oil, is heated in 
a muffle or furnace until th(‘ oil is just burnt olf and then 
plimg('d into oil again. ' 

Other methods of browning emi)loy special chemical solu- 
tions, and properly come under the heading of paints. 

[n a number of the lieating ])roc(^sses to be d(‘.scribed, it is 
not possible to efficiently tr(‘at hardened and cascehardened 
steels, so that the adoption of cold-metal ])rocesscs and paints 
is necessary in these instances, in order that the proper degree 
of strength and temper may be retained. 

{h) Varnishes and Lacquers, 

The method (5) possesses the advantage tjiat as the varnish 
or lacquer is usually transparent, the condition of the surface 
can bo readily examined; it is employed for small parts 
which do not require to be handled very often. A good 
lacquer should be hard and elastic, but should not chip or 
peel off, and should be capable of withstanding ordinary 
atmospheric temperature effects. These lacquers are often 
applied in the heited state to the metal surfaces. 

' The following are h few typical protective varnishes and 
lacquers for iron and steel : * 

* For fuller information reference should be ihade to Spon’s “Workshop , 
Recipes,” Kempe’s “Year Book,” and similar works. 
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Lacquers. 

These are generally employed for brass ^and aluminium 
work, but the process of lacquering is more easy to apply to 
small than to Urge articles. 

Lacquer derives its name from one of its constituents — 
namely, shellac or seed lac, which is derived from the gums 
or resins of trees exuded by the lac insect. * < 

Shellac, or purified seed lac, in the form of thin sheets, is 
a constituerfi; iif most lacquers, anjl when bleached it forms 
a colourless compound which is frequently employed in trans- 

p 4 ^ 

parent varnishes and lacquers; alcohol or spirits of wine is 
used as a solvent for most resins and gums. 

It is necessary to thoroughly clean the articles beforehand, 
and to heat them to about 100" C., taking care that there are no 
oxydizing influences nor grease or oil present, during heating. 


Brass Lacquers. 

Ordinary lacquer consists of shellac dissolved in alcohol 
(methylated spirits), roughly in the proportions of half a pound 
of shellac to one gallon of the spirit. The clear portion of the 
spirit is canted off and filtered, when it is ready for use; the 
addition of resins and other ingredients is made in order to 
improve the quality of the resulting lacquer. The following 
are typical lacquers for brass : 


[A) Shellac . . 

Sandarac 

Annatto 

Dragon’s blood resin 
Spirits of \vine . . 


8 ounces 
2 
2 

^ ounce 
1 gallon 


The article to be lacquered 
should be slightly heated and the 
lacquer applied with a camel-hair 
brush. 


( B) For Instrument Lacquering 
Seed lacquer, . 

Dragon’s blood 

Amber and copal (powdered) 

Red Sanders extract 

Oriental saffron 

Coarsely powdered glass . . 

Absolute alcohol . . ^ . 


6 ounces. 

40 grammes. 
2, ounces. 

\ drachm. 

36 grammes. 
4 ounces. 

40 ounces. 


♦ ‘‘The Lac Industry,” Journ. of Roy. Soc. Arts, August 16, 1919, 
f Spon. ‘ 
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Iron and Steel Lacquers. 

These lacquersjnay be either transpj^rent, coloured, or black, 
and are usually made by the addition of asphaltum and 
similar substances to alcohol-shellac solutions. . or to solvents 
such as benzine or carbon-disulphide. 

Coal-tar products also form the base of metal'^protecting 
lacquers. Tbe following are typical lacquers : 


(^) Asphaltum . . ^ 

. . 3 pounds. 

Shellac; . . , ^ . . , . . 

. . ^ pclhnd. 

Turpentine . . . . . ’ 

1 gallon. 

(B) Spirit black . . ' . . . . . 

12 ounces. 

Methylated spirit . 

1 gallon. 

Sandarac 

1 ounce. 

Button sheila 0 

>. 3 ounces. 

{C) Camphor 

. . 1 ounce. 

Sandarac 

. . 3 ounces. 

Mastic 

. . 2 ounces. 

Elemi (dissolved in spirits of wine) 

1 ounce. 


(D) A good lacquer for protecting nickel-plated fittings 
and brass parts upon automobiles may be made by dissolving 
ordinary celluloid in amyl-acetate until it has the consistency 
of a thin syrup. It should be kept in an air-tight tin, and when 
required for use should be applied with a camel-hair brush. 

{E) Dissolve white wax in benzine and ajjply with a brush. 
This method gives a fine wax surface, which will not, however, 
withstand much handling. 

Many of the metal protecting paints and so-called varnishes 
should properly come under the heading of lacquers. 

• 

Varnishes for Metals,* etc. 

Most varnishes consist of solutions of resins or gums in 
oil, turpentine, or alcohol ; when the varnish is applied to a 
surface exposed to the air, the spirit evaporates and leaves 
the hardened oii, gym, or resin as a thin coating of uniform 
texture. j * 

Varnishes for metal work are mostly of the polished variety, 
and it is essential that they should give a hard, tough, and dur- 

* The following remarks also apply generally to the case of wood and 
similar varnishes. 


I. 


41 
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able surface ; the quality of a varnish will depend upon its 
ingredients, and upon the processes of mixing and applying 
it to the surface to be coated. 

The principal ingredient in varnishes are the resins,* or 
gum-resins, and it is upon the quality of the resin employed 
that the of the varnish largely- depends. 

The commonest resin employed is the ordinary rosin or 
colophony, which is obtained by distillation from spruce tur- 
pentine or from Bordeaux turpentinb. Amongst the resins 
employed for varnishes may be rnentioned the following — 
namely : 

(1) Amber. — A fossilized resin wliich is found upon seashores 
after heavy storms, and in fossiliferous deposits; it is one of the 
best resins for varnishes, being very hard, tough, and durable. 
It is hard to dissolve, and when in a varnish dries very slowly ; 
it is one of the ingredients of the more expensive varnishes. 

(2) Copal. — A resin, imported from the tropics; it is used 
in three qualities, and graded according to its colour, the palest 
being the best. 

(3) Gum Anime. — A hard resin, difficult to dissolve in alco- 
hol, which is very hard and durable. It tends to darken in 
colour and to crack when used alone in varnish. 

(4) Dragon's Blood. — This is a dark red resin, which is used 
for varnishes and for colouring varnishes. It is sold in powder 
or lump form. 

(5) Sandarac. — A resin derived from the juniper tree; it is 
light in colour and rather soft. 

Other resinous substances employed include gum dammar, 
gum elemi, and lac. 

These resins each require suitable solvents; for example, 
alcohol or spirits of wine is used for shellac, lac, and sandarac ; 
turpentine for mastic, gum dammar, and ordinary resin; and 
boiled linseed oil for amber, gum animb, aud copal. 

The nature of the solvent also determine?; the class of the 
varnish ; thus an oil varnish is one in which the gums or resins 
are dissolved in oil, a spirit varnish one in which alcohol is 

* The so-called “ gums are soluble in water, and should not, therefore, 
be used for varnishes of exposed parts. 
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the solvent, and ^mter varnish one in which the gum is dissolved 
in water. 

Oil varnished the hardest and most durable, Ifut require 
a much longer time in which to dry;* they are usually made 
from the hardest gums, such as amber, copal, and gum anim6 
dissolved in linseed, pop{)y and other oils. • 

A typicaj oil varnish, suitable for protective purposes, 
and for coach- and motor-body work is as follows : 

Best African copal . . . . ^ . . . 8 fioiinds. 

Clarilicd oil .. .*. .. 2 gallons. 

Turpentine . . ^ . .*. . .^ - • gallons. 

The first two ingredients arc boiled together slowly for three 
or four hours until quite stringy, and |ire then mixed with 
the turpentine. 

Another oil varnish suitable for protecting metals and 
timbers against atmospheric influences is as follows: 

Powdered resin . . . . . . * . . 6 pounds. 

Turpentine . . . . . . . . . . 5 pints. 

Boiled linseed oil . . . . . . . . 1^ gallons. 

The first two ingredients are dissolved, and the oil is added 
afterwards. 

Spirit varnishes are usually made from the softer gums and 
resins, such as sandarac and lac (or shellac), dissolved in 
alcohol (or spirits of wine). These varnishes or lacquers give 
a hard and brilliant polish, and dry much more readily 
than the preceding ones, but are not so durable and are apt 
to crack and peel off ; they are chiefly used for timbers. 

The following are typical spirit varnish 'com positions : 

{A) Copal Spirit Varnish : 

Copal gum . . . . . . . . . . 8 parts. 

Balsum capivi . . . . . . . . 2 ,, 

Turpentine . , . . . . . . 10 ,, 

The two former ingredients are melted first and then added 
to the warmed*tuiTf)entine. 

(B) Gum samfarac . . . . . . . . 7 pounds. 

Spirits of wine. . . . . . . . 2 gallons. 

Turpentine . . . . . . . . . . 1 quart. 

Thi^ is a hard white varnish. 

* A good coach varnish usually requires from 1 J to 3 days to dry properly. 
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(C) Asphalte Varnish far Iron and Steel : 

Tar oil . . . . ' . . . . . . 2 pounds. 

Asphaltum . . . . . . . . • • pound. 

Powdered resin . . . . , . • • i pound. 


These ingredients should bo melted in an iron vessel and 
thoroughly mixed by heating. 

{D) A got d protective varnish for' preserving polished sur- 
faces is obtained by adding a little olive oil to (Uielted resin 
in a pot, and then, after removing the pot, adding a small 
quantity of turpentine. With a little experience in apportion- 
ing the constituents, a fine, hard* elastic coating can be obtained. 

(E) Another excellent anti-rust varnish is made by powder- 
ing and digesting at a uniform heat the ingredients below, 
and then adding tfirpentine to the melted mass. Finally, 
after the whole has formed a proper solution, rectified alcohol 
(180 parts) is added; the final solution is then filtered through 
paper or fine cloth and is ready for use. The following are 
the proportions of the^ constituents: 


Resin 
Handarac 
Gum lacquer 
Essence of turpentine 
Rectified alcohol 


1 20 parts. 
IHO „ 
00 „ 
120 „ 
IHO „ 


[For other recipes the reader is referred to S pen’s “ Work- 
shop Recipes,” volume iv. (E. and F. Spon, Ltd., London).] 


Protective Paints and Coatings. 

One of the commonest, and, at the same time, most econo- 
mical metal protective methods, consists in painting the surface 
with a coating of suitable ingredients.* 

It is, of course, of primary importance to select only those 
materials which do not chemically affect the metallic surfaces. 

An efficient metal protecting paint or covering of any kind 
should possess the following characteristics — namely : 

(1) It should be quite water and acid piwof. 

♦ Enamels consisting of suitable pigments, and driers with varnish as 
the vehicle are also classed imdel this heading. The process of stove- 
enamelling consists ill heating the enamelled parts, whilst still wet, for a 
period varying from 12 tc 48 hours in a constant temperature warm 
oven. A hard and brillian,t surface results, which is an excellent corrosion 
preventer. 
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(2) It should be chemically stable- • 

f3) It must have about the same coefficient of expansion as 
that of the met^l itself, to avoid cracking and crinklhig. 

(4) It must bo impervious to extreme atmospheric heat 
influences. 

(5) The surface should be hard, tough, and* elastic, and 
thoroughly jn contact with the metal itself. 

(6) It should withstand vibration and a reasonabh' amount 

of friction anfl abrasion.^' ^ , * 

(7) It should preferably be,a non-conductor of electricity, 
and should bo free from depolarisfing constituents such as 
unsaturated hy(lrocarl)ons and linseed oil. 

(8) It should give a good covering sitrface, and be cheap 
and convenient to use. 

One of the (;oniinonest of protective coatings consists of a 
mixture of oxide of iron (known as ‘‘ red lead ”) and linseed 
oil; it is used as a primary coating for*steel and iron plate. 

Linseed oil is one of the principal ingredients of most of the 
preserving paints, and the pigments consist of white lead (car- 
bonate or oxy-sulphate), white zinc (oxide), red lead, graphite, 
lamp-black, and various coloured pigments for tinted paints. 

It is necessary to include in the com])osition of paints 
certain substances such as litharge, sugar of k'ad, or white 
copperas, to act as driers. 

The addition of a suitable pigment to an oil paint increases 
the efficiency of the latter as a metal protective paint up to a 
certain maximum, after which the furtljer addition of pig 
ment has a detrimental effect ; it is essential to employ a 
good oil such as boiled or polymerized linseed oil. 

The pigment toughens the resulting film and renders it 
less permeable to water, oxygen, and other corrosive influences ; 
it also reduces Hie expansion of the oil on setting, and therefore 
minimizes the “ crinkling ” tendency which is primarily duo to 
the expansion (tfbout 3 *3 per cent.) of the linseed oil on cooling. 

It is stated* that the most permanent paints are those con- 
taining black or red pigments, since these absorb the shorter 

♦ “ Paint for Iron,” by Dr. J. Newton Frifind, Jou*-n. of Iron and Steel 
Inst, 1918. 



646 AIRCRAFT AND AUTOMOBILE MATERIALS 


rays of light and prevent them from accelerating the destruc* 
tive oxidation of the linoxyn by the air. Finer pigments are 
more efficient than coarser ones owing to theii*' being in more 
intimate contact with the oil. 

When protective paints or coatings are applied, * it is better 
to obtain the necessary minimum thickness for protection, 
by giving several thin coats in preference to o^e or more 
thick coats. It is also considered desirable to paint steel plates 
with the hardf“ foiling scale ” still on* sfnce this^J^cale, or black 
iron oxide (FcgO^ljis, in itself, protection; these remarks do 
not, of course, refer to the loose, easily detachable scale. 

There is a large number of metal primers or paints upon the 
market, many of which give satisfactory results. The basis 
of many of these paints consists of a tar or hydrocarbon oil. 

Tar Oil Preservatives. 

An efficient rust preventer for iron and steel consists of 
a liquid made up of equal parts of tar oil and hydrocarbon oil ; 
this should be applied to the cleaned au.d heated surface of 
the metal. 

Another good preservative consists of coal tar which has 
been boiled to expel the moisture and naphtha, and which, 
when cold, is mixed with naphtha in the proportions of about 
16 parts of the oil to one of naphtha. 

Rust-Proof Coatings for Steel. 

(A) The following is the composition! of an efficient pre- 
servative coating : ' 

Calcium resinate . . . . . . . . 36 parts. 

Manganese borate . . . . . . . . ^ part. 

Lead acetate . . . . . . . . 1 „ 

Artificial graphite . . . , . . . . 25 parts. 

Naphtha 37^ „ 

Linseed oil . . . . . . . . . . 25 ,, 

These ingredients are well mixed and ^re< applied to the 
surface to be coated by means of a briish,^or by dipping. 
The surface is then heated to 300° F. in an oven for about 

r 

two hours. The surface obtained is a polished one. 

* Modern methods of painting articles, motor-car bodies, etc., are de- 
scribed in Vol. 11. of this work. ^ 

* t American Machinist. 
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(B) A method often adopted for protecting new machinery 
and stored parts is to smear, or apply warm with a brush, a 
mixture compo^d of 1 ounce of camphor dissolved ii# 2 pounds 
of melted lead, to which fine plumbago or black lead is added. 
This mixture can be readily wiped off at any time. 

(G) Another method (insists in adding 7 ounc^es of quick- 
lime to about If pints of cold water, afterwards pouring off 
the supernatant liquid. Sufficient olive oil is added to the 
mixture to give it a*cveam-like consistcric}^. ^The articles 
are greased with the resultin^i^ mixtitre, and may be further 
protected by wrapping them in soft tags. 

Chrome Paints. 

It has been found tliat if iron and steel surfaces arc painted 
with a 5 to 10 per cent, solution of chromic a(‘id or potassium 
bichromate solution, they will withstand corrosion to a remark- 
able extent. The process docs not aj)p(‘ar to affect the struc- 
ture of the metal, and its action is not yet fully understood. 

This i)rocess is not as it stands applicable to commercial 
purposes, but is quoted merely in order to point out the benefi- 
cial effects of chromium compounds. 

It is stated* that the best paint pigments of this class are 
zinc chromate, American vermilion, and chrome yellow 
orange. The following is the composition of a chromium 
paint which is recommended : 

American vermilion or zinc chromate . . 40 pounds. 

Red lead . . . . . . . . . . 10 ,, 

Venetian red .. .. .. .. 5 ,, 

Zinc oxide and lamp-black (sufficient to* 
produce the desired shade). 

These ingredients should be ground in I^ gallons of raw 
linseed oil, increasing the quantity as required for the added 
colouring pigment, and about I pint of drier compound should 
be added. This mixture should be thinned for use with raw 
oil and a little benzine or turpentine. 

Quantity of Paint Required. * 

For the first coat, upon a properly cleaned surface, 1 gallon 
of ordinary paint will suffice for from *250 to 350 square feet, 

* Dr. Cushman, Bulletin No. 30, U.S. Dept, of Agriculture, 1907. 
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whilst for the second and each subsequent coat it will cover 
about 300 to 450 square feet. 

Bowranile Paint. 

A very effective bituminous paint employed for rust-proof- 
ing steel and iron is known as “ Rowranite it possesses 
the advanfages of giving a hard, elastic, waterproof covering, 
which withstands the ordinary thermal expansions and con- 
tractions without crinkling or craekirg, and jt is practically 
unaffected by atmospluTic influences, sea water, or sulphurous 
gases. ^ , 

The writer has made certain tests with this covering, and 
has found that it is very efficient as a metal protector. It is 
ncicessary to clean the surfaces well before applying the thin 
black Bowranite paint, and to give two coatings; each coat 
dries in about three hours. About 1000 square feet superficial 
area can be covered with 1 gallon of this covering, so that it 
does not add appreciably to the weight of an article to treat 
it in this manner; indeed, it shows a marked improvement 
over the ordinary metal coating processes. 

It may be of interest to quote the results of some fairly 
stringent testsf made upon this paint : 

(1) Two steel plates were taken, one of which was coated 
with Bowranite to the maker’s instructions, and the other was 
untreated. Both were simultaneously exposed for 4G days 
to the atmosphere and the weather; at the end of tliis period 
the uncoated plate was red with rust, and had lost one-thirtieth 
of its weight, whilst the coated plate was quite unaffected. 

(2) Two steel plates, one coated and the other untreated, 
were intermittently immersed in sea water, and then exposed 
to atmospheric influences by arranging for them to be alter- 
nately covered and exposed by the rise and fall of the tide for 
a period of 4c days. At the end of this period the uncoated 
plate was very rusty and had lost one-third of its weight, 
whereas the coated one was ‘unaffected ,in appearance except 
for a slight deposit from the water and had lost no weight. 

* Manufactured by Messrs. R. Bowran and Co., Ltd., Newcastle. 

I Tests made by Dr. Dunn, F.LC. 
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(3) Two steel plates, one coated and one untreated, were 

botb exposed to acid fumes in, a chamber for 46 days, after 
which the untr(?atcd plate was nearly rotted through, whilst 
the coated plate was found to have lost no weight. Only a 
slight dulling and roughening of the surface was found to have 
occurred. • 

• _ 

(4) The elasticity of the paint was tested by coating a piece 

of bright copper foil and bending it backwards and forwards 
until it broke*! it was* found that the coating showed no 
tendency to crack or peel off. ^ • 

Coslettizing. — This i^t’ocess, whi(‘h i* often applied to bicycle 
and car frames and oyier similar cases, consists in boiling 
the steel parts for a dc'finite period in a# solution consisting 
of 1 ounce of iron filings and 4 ounces of phosphoric acid 
in each gallon of water. The surface obtained is matt-black, 
and it has been shown to bo a very sati.sfaeTory rust pre- 
venter; it can, moreover, be stove-enaiiielled afti^r wards. 

Metal Coating Processes. 

Many steel, iron, brass, and other metal parts are now pro- 
tected against oxidation and corrosion by giving them a coating 
of another non-oxidizable metal, such as zinc, copper, nickel, 
or aluminium; in most cases there is an intimate admixture 
or alloying of the two metals at the surfaces of junction. 

The principle upon which the results of all zinc depositing 
processes is based depends upon the fact that when iron or steel 
and zinc are in contact and arc immersed in an electrolyte, the 
zinc is electro-positive to the iron, and therefore the zinc will 
be dissolved away and the iron left practically unaffected; zinc- 
coated iron or steel in a moist atmosphere containing oxygen 
and carbon dioxide behaves in this manner, the zinc only 
corroding. 

This is the piinc^le of the method adopted in steam boiler 
practice in orde^ to* prevent the steel boiler shell and tubes 
from rusting in the presence of the hot water (which often 
contains acids). In these cases, slabs of zinc are suspended 
within the boiler, and these gradually (fisappear, the iron being 
protected all the time. Cast-iron pipes placed underground 
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for long periods are often corroded by electrolytic action, the 
oxides of iron mixed with the graphite usually remaining in 
place and presenting the same outward appearance as before, 
but actually having no mechanical strength and little cohesion; 
the presence of stray currents from electrical systems such as 
electric railways and tramways also greatly assists the above 
action. T^e following table shows the electrolytical order of 
various elements, each element being electro-positive to those 
following it : ^ o 

^ ^ .TABLE CLXT. 

Order of Elem:^nts. 


Element. 

Ahsolute Potential. 

V 

Element. 

Absolute Potential. 

1. Manganese . . 

-f 0-798 volt. 

9. Hydrogen . . 

-0-277 

2. Zinc 

+ 0-493 

10* Copper 

- 0-606 

3. Cadmium . . 

4-0-143 

11. Mercury .. 

- 1-030 

4. Iron . . 

4- 0-067 

12. Sdvor ■ . . 

- 1-048 

5. Tellurium . . 

4-0-045 

13. Chlorine . . 

- 1-630 

6. Cobalt 

-v)-04r> 

14. Bromine . . 

- 1-270 

7. Nickel 

- 0-049 

15. Iodine 

- 1-797 

8. Lead 

-0-126 




Note . — Elements above hydrogen, in number, pass into solution when 
in contact with hydrogen ions, and those below liydrogcn are not attacked. 


The protecting metal may be deposited electrolytically by 
chemical means, by the method of mechanical deposition, 
utilizing a fine spray of pulverized metal, or by dipping. 

Small aeroplane fittings such as steel bolts, strainers, clips, 
sockets, and plates are frequently protected by first pickling 
in a weak hydrochloric acid bath, then copper plating, and 
finally dull nickel plating.* 

The small screws, springs, clips, and similar parts used in 
instruments are often dull copper plated by placing them 
in a copper sulphate solution, in contact with an iron plate. 
Many of the patented processes employ zinc ^s the protective 
surface, the zinc being deposited either.’ elfjctrolytically, by 
dipping the article in moltqn zinc, chemically, or by metal 
spraying; one or two of the better- known processes will now 
be considered. 

♦ For fuller particulars see “Nickel and its Alloys,” Chapter IV., Vol. II., 
of this work. 
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Galvanizing. 

The ordinary process of hot galvanizing consists in first 
cleaning the article of all scale, paint, or dirt, and then pickling 
it in a 5 to 8 per cent, hydrochloric acid bath for about 8 to 
14 hours. It is then dried and is next dipped into a molten zinc 
bath at a temperature of ‘from 400° to 500° C. 
deemed to hav^ attained the bath temperature it is withdrawn, 
drained of all superfluous zinc, and then immersed in a water 
bath. Salammc^iac is as a flux. ^ , 

Objects such as rods, wires, scrips, oV plates may be drawn 
through the bath, and wiped mechanicaMy with asbestos wipers 
as they leave the bath. .It is often considered advantageous 
to add a zinc-aluminium alloy consisting of fibout 20 per cent, 
of aluminium to the molten zinc in order to give better fluidity. 
The frosted appearance of galvanized articles, such as steel 
sheets, is obtained by adding tin to the zinc. 

The additional weight due to hot galvanizing is about 2 to 
3 ounces per square foot. 

When zinc is deposited electrolytically in a sulphate bath 
the coating obtained weighs about 1 ounce per square foot, 
so that this method is preferable in cases where weight economy 
is the first consideration. 

Zinc-coated parts, whilst resisting ordinary atmospheric 
corrosive effects, are quickly corroded by sea water, tunnel 
and flue gases, and similar causes. 

Electrolsrtic Zinc-Iron Method. 

A method* has been developed for coating steel articles with 
pure electrolytic iron, and afterwards with zinc. 

It is well known that the purer the iron is, the less liable it is 
to pitting and corrosion, and that chemically pure iron is 
the most rustless form pf the metal. 

The above-mehtkned process, termed “ ferro-zincing,” 
takes advantage ol these facts by coating the steel surface with 
almost pure iron, elec,trolyticall/, the only impurity being 
hydrogen; the presence of this latter ele^ment is considered an 

♦ Sherard Cowper-Coles. See Engineerifig, June 12, 1914. 
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adv^tage, as it mak^s the iron slightly more electro-positive 
to the underlying steel. 'The process is a “ cold ’’ one, m that 
it does ^not affect the strength properties of^he steel treated. 

It has been found in practice to be advantageous to coat 
the electrolytic iron surface with zinc, as a zinc coating with 
an interr|iediatc layer of pure iron-hydrogen alloy gives a 
greatly increased life to ordinary steel tube or plate. 


Sherardizirg. 

This process* eonsists in (first pickling the articles as for 
hot galvanizing and then packing them in pulverized zinc 
or zinc dust, to which zinc-oxide, with a small quantity of 
powdered chari'oai, is added. The whole is heated in a closed 
air-tight retort to a temperature below the melting-point 
of zinc, usually from 250*^ to 320® C. 

The period of the process varies from one to several hours, 
depending upon thtV size of the articles and of the retort; 
mechanical agitation, or rotation of the retort, is found to give 
a more even coating. The retort is allowed to cool down 
gradually after the above process. 

In order to prevent caking, to reduce the amount of zinc 
oxide necessary, and to give a brighter finish, a quantity 
of sand is sometimes mixed with the zinc dust. 

It has been shown that this method of alloying zinc with 
iron at a temperature below the melting-point of zinc is 
attended by a certain hardening effect. 

The results of this process give a zinc surface similar to that 
obtained by the ordinary galvanizing process. 

The Bower-Barff Process. 

This process,! which is largely used fqr small hardware 
articles, consists in heating the steel or iron parts to about 
980° C. in a closed chamber; superheated steam at a tem- 

♦ Patented by S. Cowper-Coles in 1902. 

t Trans. Amer. Inst. Mech. Engineers, A. S. Bower, 1882, p. 329; Journ. 
Iron and Steel Inst., F. S. Barff, 1877, p. 366; Trans. Amer. Inst. Meofaf^ 
Engineers, iv., p. 351. 



THE PROTECTION OF METAL SURFACES 653 

perature of about 640° C. is then injected into the chamber. 
The steam is decomposed, and the oxygen liberated acts upon 
the iron, forming* magnetic oxide of iron as a pibtective 
coating. 

In place of the steam, air and carbon monoxide may be used. 
Another variation of the original method consists in subjecting 
the articles, ^hich have been previously heated to about 
870° C., to the superheated steam for a period of about half an 
hour, and then tb produced gas for another 15 tg 30 minutes; 
the object of the produced gas, which contains carbon 
monoxide, is to reduce tfny red oxide o# iron formed. 

This process may be *r(‘peated several times in order to 
increase tlie thickness of the coating, and iPis found that cast 
iron and steel require more heat than ordinary iron. 

In the “ Wells process,” which is an improvement upon the 
above, the superheated st(‘am and producer gas are introduced 
at the same time. 

The coating obtained by this process is a grey colour, and 
if not too thin will withstand rough treatment. It will with- 
stand the action of saltwater, acid funu's, and ordinary atmo- 
spheric influences, and the surface may be painted or enamelled. 
The grey colour may be changed to black by boiling. Articles 
are found to slightly increase in size by this process. 


The Gesner Process. 

This commercial process of Dr. Gesner* possesses the advan- 
tage that articles do not increase in size, nor are they distorted. 
The process consists in heating the articles in a retort to a 
temperature of about 650° C. for about 20 minutes, and then 
allowing partially decomposed steam (which has been passed 
through a red-hot pipe) to act upon the articles for another 
30 minutes. At the, expiration of this period, a hydrocarbon 
such as naphtha if introduced, and is allowed to act upon the 
articles for about 15 ^ minutes. • When the temperature of 
the retort has fallen to about 430° C. the articles are with- 
drawn 

♦ Journ. Iron and Sted InsL, 1890, p 850. 
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The bontempi System. .. 

This process* is employed for rust-proofi^jg sheet steel and 
iron, chains, bolts and nuts, and similar objects. It consists 
in heating the articles, which are disposed upon shelves in a 
metal cage in a muffle heated by means of Bunsen gas burners, 
to a certkin temperature, after which superheated steam is 
turned on and allowed to act upon the parts foi about half an 
hour. Finally, chemical fumes at, a high temperature are 
allowed to^' i^eplace tjie <s?iperheated steam, after which the 
cage is run out of the muffle'^on a trolley, and brought quickly 
under a metal cover or bo,x, which is lowered over the cage to 
enable the articles to cool slowly. 

It is stated that the thickness of the protective layer is 
about of an inch. 

Lead Coatings. 

Lead coatings are sometimes applied to iron and steel articles 
for protective purposes, and provided that the lead is perfectly 
alloyed or bonded, it is very effective. The electrolytic 
method of depositing lead docs not yield reliable results, 
the coating being porous, so that the lead-dipping process is 
preferred. 

Term sheets^ which are frequently employed in place of 
tinned iron sheets, are made by dipping cleaned and pickled 
steel or iron sheets into molten lead. 

Many articles are now coated by dipping with tin-lead 
alloys and wipmg; the interiors of domestic iron and cast 
iron utensils, steel pipe, and other fittings are frequently coated 
with these alloys. 

Aluminium Coatings. 

Iron and steel work is sometimes protected by electro- 
lytically coating with aluminium, or aluminium alloys. A 
high voltage is required for this process. 

These coatings, wljien made from the correct alloys, possess 

* For fuller particulars vide, the Autocar, November 20, 1915. 
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the advantages of lightness, and possess a good appearance, 
but tiiey are not always impervious to sea water influence. 

• • 

Nickel Plating.* 

Many automobile and aircraft fittings and parts are now 
nickel plated for protective and for appearancct purposes. 
Nickel* itself js a silvery- white metal having a specific gravity 
of from 8 ’3 to 8 ’9; it is ductile, hard, and almost as strong 
as iron. It has^ meltmg-]5oint of about 1650° f).# 

It has been found that whilst pic^el plating is very suitable 
'for metal parts which gfre not subjected to reversed loadings, 
yet in the case of metai wires and thin plates, sjmngs and 
similar objects, the nickel has a tendency t6 crack and to peel 
off. 

In many cases nickel plating is attended with an aj)prcciable 
hardening effect, and for this reason the process of nickel 
plating petrol and oil pipes has been abandoned by many 
automobile and aircraft manufacturers. 

Rust-Proofing Cast Iron. 

There are many methods for effectively protecting cast 
iron from corrosion. 

Many of the bituminous paints and varnishes previously 
mentioned are suitable for this purpose, but the following 
notes refer to special methods which have been recently 
developed for the purpose of giving more permanent results. 

(1) The Silicate Coating Method. 

When iron is cast in the sand mould, it usually obtains a 
coating of silicates (derived from the sand itself), which forms 
an effective protecting surface. 

A process, known as Inoxidizing Method , coats the 

cast or wrought iron articles with silicates by immersion in a 
suitable bath of soluble silicates pr by means of a brush, and 
afterwards, when dry,* exposes the coated articles to a suffi- 

* Vide “ Nickel and its Alloys,” Chapter ly?, Vol. II., of this work, 
t Spon’s “ Workshop Recipes,” vol. iv., p. ^8. 
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ciently high temperature to melt the silicates, which run and 
fill all of the pores. After cooling, a dead-black dense and 
uniform Vioating is obtained which does not Crack or corrode. 
It is stated that excellent effects may be obtained by adding 
to the silicate pigments used for colouring glass. 

(2) Coal-Tar Method. 

A very effective lustrous black coating, impervious to acids 
or atmospheric action, can be gheb to cast iron and steel 
bodies by heating them upon a wire tray in a closed iron box, 
containing a layer of crashed blacksmith’s coal at the bottom,' 
to a red heat. 

The coal dust gives off tarry constituents which cover the 
metal parts, and, if the heating is continued until the evolution 
of gas ceases, and the box is allowed to cool slowly, the best 
results are obtained. 

(3) Inoxidizing Process. 

A method frequently employed for protecting the surfaces 
of cast-iron articles, such as domestic ware, fireplaces, water- 
pipes, ornamental railings and fittings, consists in heating the 
parts, which are placed in shelves or on hooks in an iron truck, 
in a reverberatory furnace of special construction, at a tem- 
perature of from 600° to 700° C. for a period of about 15 minutes, 
the atmosphere being an oxidizing one. 

The atmosphere is then changed to a reducing one (that is, 
to one containing no oxygen) for another period of about 20 
minutes. * 

The colour of the articles, wlien cool, is a slate one, and they 
may be further protected by enamelling or painting. 

Oxy-Oil Quenching Method. 

A method which has been widely employed for rust-proofing 
cast-iron parts such as fusfs, castings, machined parts, etc., 
consists in first removing all grease frorn the bodies by washing 
them in boiling causvic soda and in hot water, and next in 
heating them to abbut 700° to 760° C. in a speci^tl furnace, 
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in which an oxidizing atmosphere is maintained by meanff 
of an excess of air supply or similas methods. 

Tlie parts ar^ then oil-quenched in two stages, firstly by 
means of a preliminary short immersion in oil, and then by 
a final immersion in oil to cool right out. The object of the 
preliminary immersion is to relieve part of the temperature 
stresses which would otherwise result from a singled immersion. 
Special furnaces are now available in which the articles are 
hooked upon or placec] ip the segments of an endless chain 
conveyer, which carries ^hem sl^)wl 3 ^ through the oxidizing 

furnace, and first into one oil mftdium and then into the second. 

• • 

For this purpose gas-fired fu^iaces are very suitable, as 
the air and gas supplies* can be independently regulated so as 
to obtain the necessary temperature and oxidizing atmosphere. 
The coating obtained by this process is a blacik one. 

It is essential to keep the air for admission dry and the oil 
bath cool. It is stated* that about 330 pounds of small cast- 
iron bodies can be coated per hour with total gas consumption 
of 1-60 cubic feet per 2 >ound of metal treated. 

The Corrosion of Copper. 

Copper, when exposed to the air, oxidizes very slowly, and 
in time becomes coated with copper carbonate or verdigris, 
a light blue coloured salt. 

Salt water and distilled water exert a much more rapid 
action, particularly when air is present; the action is one of 
chemical oxidation. 

The surface of copper can be protected by giving it a coating 
of red oxide of copper; it is stated that the Japanese cast copper 
under water, the metal and the water both being heated before- 
hand, in order to obtain their characteristic rose-coloured tint, 
due to copper oxide. When copper is heated in steam to 
a high temperature* cuprous oxide is formed upon its 
surface, which affol^s a fairly permanent protective coating. 

It is usual to Varnish or lacquer copper articles intended to 
retain their original* polish, and there are many varnishes 
and lacquers available for the purpose 

♦ The Davis Furnace Coiflpany. 


I. 
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.The Corrosion ol Brass. 

4^ considerable amount of research work has been done by 
the Corrosion Committee of the Institute of Metals, and several 
reports Have been issued dealing with the subject. 

The following is an extract from a description* in the 
Fourth Report, of the actions which take place when certain 
metals and alloys, such as brass, corrode in distilled and sea 
water. * 

It is stated that the action of these liquids upon metallic 
zinc and upC,n' copper is onq of chernical oxidation rather than 
an electro-chemical action. 

O i 

“The action of distilled water* on 70 30 brass is considered to be the 
chemical oxidation of the copper and zinc and the partial solution of the 
oxidized products. Mi)ch of the zinc, in the presence of carbon dioxide, 
passes into solution, and part of the copper. The residue of both metals 
remains on the surface of the alloy as an oxide scale, and this becomes 
further oxidized and altered at certain spots which become covered with 
thick deposits of the products of attack. Such deposits are porous, and 
allow, and probably accele’’ate, local attack on the underlying metal. The 
attack is accompanied by redeposition of copper by displacement by the 
zinc either electro-chemically or otherwise, and precipitation of cuprite. 
There are signs of slight local dezincification at such places, but the attack 
over the general surface of the alloy is complete corrosion. The positions 
at which local attack and pitting take place are not determined by the 
variation in the electrical jirojierties of the original metal, but by the con- 
ditions of the experiment. In the presence of dilute acids, such as hydro- 
chloric and sulphuric, local action of the type described does not occur, 
since there is little or no local accumulation of oxidation products. On 
the other hand, the absence of carbon dioxide retards the action. From 
the analytical data it appeared that the local action in the case of distilled 
water increased with time, while the rate of general corrosion over the 
whole specimen fell off. These facts suggest th® fallacy of loss of weight 
test, since local action is more important practically than general corrosion. 

“ The action of sea water on brass has been studied on the same lines 
as that of distilled water. The action is considered to be similar in type. 
Local pitting and dezincification are due to the accumulation of the products 
of corrosion. Under certain conditions redeposition of copper may occur. 
The rate of general corrosion is much greater than that in distilled water, 
and does not fall off so rapidly with time. At the ordinary temperature 
there is less tendency to local dezincification. , , 

“ The ordinary 70 : 30 brass tube of commerce is nob liable to any electro- 
lytic action set up by anodic and cathodic areas inherent in its surface, even 
in the presence of good electrolytes such as sea water. It is corroded, under 

* Times Engineering Supplement, April, 1919. 
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normal conditions, by a slow chemical action, which produces a slight 
roughening of the surface, but no weU-defined*pitting. Unless this tiction 
were ^speeded up locally by factors independent of the tube, the life of a 
tube would normally be 15 to 20 years or raor > in the case of dee^ sea water, 
and many types of neutral fresh water. If acid be present in the Abater in 
the proportions of only a few parts per 100,000, the speed of attack is greatly 
increased, the action being a general thinning of the tube. Neutralization 
is quite effective in stopping thjs increased action. 

“ The following conditions arc set forth as those under ^hich a tube 
would have a ncymal life of 20 years. In practice’tubes fail sooner because 
the normal slow roughening of the tube by chemical oxidation is locally 
speeded up by factors whichtfijr^for the most part independent of the tube 
(a) Only clear water to enter tlje tube, oj wat^r that wifl ^ot deposit sus- 
pended matter, (b) The water must free from gases in suspension, and 
must not contain more thanHhe normal amouftt of air in solution, (c) The 
water must be neutral or not more than fery slightly alkaline. It must be 
free from ammonia, and certain other specially harmful substances which 
are, however, of comparatively rare occurrence m technical waters, (d) The 
temperature of the cooling water in the hottest part of the condenser should 
not exceed 35® C. (e) The speed of the water should be about 5 or 6 feet 
per second. (/) The steam should be properly distributed in the condenser, 
according to the best modern practice. 

“As it does not seem likely that the problcm«of preventing local pitting 
will be solved by improvements in composition, it may in certain circ'u in- 
stances be desirable to add to the resisting power of the tube by special 
treatment before it goes into use. tSuch treatment, for instance, may be 
the production on the tube of a resistant scale by artificial means. Such 
a scale may consist of oxide, calcium carbonate, or a basic salt, or a mixture 
of these substances. The simplest, but not the most efficient, case of such 
a scale is an oxide scale produced upon the alloy by treatment in an annealing 
furnace in an oxidizing atmosphere, and a number of experiments have 
been made with tubes treated in this way. 

“ The treatment in the case of 70 . 30 brass, lead-brass, or Admiralty 
alloy is to heat the finished tube in an oxidizing atmosphere for half an hour 
at a temperature of about 260® to 300® C. It is then put into use with the 
oxide scale on it — i.e., without pickling or further tr^tment. It has been 
found that this heat treatment does not affect the mechanical properties 
of the tube sufficiently to interfere with the making of a tight joint by the 
use of ferrules. (The heating periods and temperatures are different for 
metals or alloys other than those mentioned.) The process is known as 
the pre-oxidizmg process. It is important that the tubes treated by this 
process should have a good surface, smooth and uniform. Harm may 
result if the heating temperature much exceeds the limits stated. 

“Tubes of various typesiif brass, treated in the way indicated, have given 
good results so far At Brighton, in comparison with ordinary tubes of 
similar composition, but it is not yet cerfain that such tubes will resist the 
active attack set up by certain deposits. A considerable ciumbor of treated 
tubes are under test in various parts of the couiftry, under different sets of 
conditions, and the results of these tests will*lJe reported in due course 
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I^reliminary tests seem to show that treated lead-brass and Admiralty tubes 
resist dezincification to a markecj degree in ordinary sea water. 

“Finally, it must be emphasized that it is not likely that either tubes 
treated as described, or any other type of tube p^odlfc^lble commercially,, 
will be found satisfactory under all conditions. A tube and its treatment 
must be chosen tivmeet the particular conditions in which it will be used, 
but it is hoped that the number of types of tube and treatments required 
will be small. ^ They may, perhaps, be eventually reduced to two, a copper 
type alloy and a selected brass alloy.” 

Protection of Aircraft Parts. 

o c ^ 

It has been stated that the average life of an aeroplane is 
relatively so short that overy efficient protective measures are 
not of primary importance ; 'this is, however, not in accordance 
with the facts. The author is acquainted with several cases of 
machines having been in intermittent use for over two years ; 
the average machine in peace time should last at least a 
year. 

Machines are subje9ted not only to atmospheric influences 
in unheated hangars, but also to great changes in temperature 
and humidity whilst flying, so that it is necessary to protect 
all exposed parts from atmospheric effects. 

The matter of efficient protection is important also from the 
point of view of strength, for the effect of rusting or corrosion 
■upon the cross-sectional area of thin steel tubes, wires, and thin 
sheet metal parts may be appreciable. 

It is also possible that the exhaust gases of the engine, 
which are highly corrosive, may come into contact with 
exposed metal parts. 

The methods adopted for protecting metal fittings, when these 
are not made from “ stainless steel ” or non-corrodible alloys, 
is usually to Borrodize (or finely galvanize), Sherardize, or 
Coslettize the parts. In many cases dull coppering and nickel 
plating has been employed with success. The tubular frame- 
works of control surfaces, body and wing structures, should 
be varnished internally with a suitable “ sliell ” or “ tube ” 
varnish. 

All internal tvires, tubes, and fittings are now painted with 
efficient metal “ prim,eirs ” or “ paints,” and in many cases 
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tubular frame works are bound witji Eg3rptian tape before 
covering with fabric. • 

Ordinary galvanizing is not employed to any ex^^nt, owing 
to the appreciable weight increase, but many bracing cables 
consist of finely galvanized wires. . • 

Most of the streamlined, round bracing wires are at the 
present time merely kept coated witl^ vaseline or grease; 
this is an unsatisfactory measure, and should be replaced by 
a more permanent m^^^ of protection. No doubt the em- 
ployment of “ stainless steels fdr bracing ^ires, clips, etc., 
will simplify the protective m^thodj^ adopted. 

Steel cables, whether galvaniztd* or not, are now invariably 
coated with a graphite or non-corrodib]o paint or grease. 
Aluminium alloy parts, such as the frameworks of rigid air- 
ships, aeroplane parts, etc., arc now always varnished all 
over for protection purposes. Gun parts and instrument 
fittings are usually given a “ blued ” or “ browned ” surface, 
these oxide films having been found to give a certain measure 
of protection. 

Aluminium alloys are considerably more durable in the open 
air than ordinary steel, but most of the alloys at present in 
use do not stand up to sea-water action. For this reason the 
use of aluminium-alloyed fittings for under- water and exposed 
parts has been largely abandoned in favour of malleable 
bronzes such as the Delta metals, etc. Aluminium wing and 
fuselage frameworks are now invariably varnished with a 
chemically neutral varnish, and when so treated give very 
satisfactory results. * 

* Nickel-plating of flexible cables is not satisfactory, owing to the flexible 
nature of the cable, causing cracking, etc. 
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FERROUS AND OTH^ ALLOYS 
Ferro-Chrome. 

These alloys are generally made in the electric furnace, and 
the compositi^in can fio’* varied between fairly* wide limits. 
Ferro-chrome contains from J to it) per cent, of carbon, 
according to the grade, and from 54* to 04 per cent, of chro- 
mium. It is widely u.'-i^d in the manufacture oi aircraft and 
automobile steels, and for gun-steels, prtfjectiles, etc.; when 
added to the ordinary molten steel in the requisite amounts, 
it imparts to the correct amount of chromium to the finished 
product. 

It is usually employed in conjunctior^with nickel, tungsten, 
molybdenum, or vanadium in alloy steels. 

The carbon content of ferro-chrome for general foundry and 
steel-making purposes is from 8 to 9 per cent. 

It is usual to include in the composition from 2 to 5 per 
cent, of silicon, in order to protect the chromium from 6xida- 
tion. The grades of ferro-chrome are usually based upon 
the carbon contents, as follows; 


Table I. — Combositions of Different Ferro-Chromes.* 


Element. 

Grade A, 

8 to 10 
per Gent. 

Grade B. 

1 to H 
per Cent. 

Grade C. 

5 to 6 
per Cent. 

* Grade D. 

3 ^0 4 
per Cent. 

Grade E. 
Mean of 1 
per Cent. 

Chromium . . 

54'50 

63-50 

64-00 

64-00 

63-50 

Iron . . 

22-00 

21-50 

28-50 

31-00 

35-00 

Carbon 

0-50 

7-50 

5-50 

3-50 

0-60 

Silicon 

2-25 • 

5-30 

0-40 

0-40 

0-20 

Aluminium . . 


0-80 ^ 

0-50 

0-40 

0-10 

Manganese . . 

§•15 

0-15 

0-15 

0-15 

0-10 

Calcium 

b-25 

0-25 

0-26 

0-30 

0-35 

Sulphur 

0*04 . 

0-04 

' 0-04 

0-04 

0-03 

Phosphorus . . 

0-03 

0-03 

0-03 

• 

i)-02 

0-02 


* Paul Girod. * * 
665 
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Ferro-Manganese. 

This is, an alloy of manganese and iron wjiich is used for 
purifying and deoxidizing iron and steel and for foundry 
purposes. Thd following are the ranges of coinpositions : 


Manganese 
Silicon 
Phosphorus 
Carbon 
Sulphur 
f f 


. 41 to 88 per cent. 
.. 0-10 to 0-65 „ 

. . 0-09 to 0-20, „ 

. . 5-62 to 7-00 „ 
nil. 


Silico-Calcium-Aluminium. 

O I 

This is one of the fluxing compounds employed in steel 
making; it not only oxidizes the impurities, such as sulphur, 
but also gives greater fluidity to the molten metal. 

The following is a typical composition : 


Silicon . . 


.50 to 55 per cent. 

Calcium . . 


. . 18 to 22 

Iron 


.. 12 to 15 

Aluminium 


. . 4 to 5 

Carbon . . 


.. 1 to 1-25 „ 

Magnesium 


. . about 0*35 „ 

Manganese 


n 0-22 „ 

' Sulphur . , 


„ 0*075 „ 

Phosphorus 


M 0*03 „ 

Silico-Manganese, 

This product is 

obtained in the electric furnace frou 


silicate minerals and manganese. 

The following are the two grades usually made : 


' Grade A. Grade B. 

Silicon 60 to 70 60 to 60 

Manganese 20 to 25 22 to 25 

Iron . . . , . . remainder.* remainder.* 


Most of the ferrous alloys used in metallurgical practice are 
now made in the electric furnace, f but some, such as ferro- 
manganese and spiegeleisen, are found naturally. The follow- 
ing are a few of the more commonly employed alloys: 


♦ Other elements such as aluminium, calcium, magnesium, carbon, 
sulphur, and phosphorus are present in small amounts, 
f For fuller information wide “Les Alliages Ferro-M^talliques de la 
S.A.F. Proc6d6s Paul Girod” (Ugine). 
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Perro-Silicon. 

Iti the natural state this alloy contains from 10 to 12 per 
cent, of silicon; the amount rarely exceeds 15 per cenl. 

The higher content alloys are made in the electric furnace, 
using siliceous materials and iron having practically no 
sulphur or phosphorus. *The different grades of /erro-silicon, 
contain (a) 25 to 30 per cent., (6) 45 to 50 per cent., (c) 75 

to 80 per cent., and (d) 90 to 95 per cent., of silicon. 

• • ♦ 

Silico-Manganese-Aluminlum. 

This alloy is made imtvvo grades hating the undennentioned 


compositions: » « 

Grade d. * Grade B, 

Silicon . . . . . . 18 to 20 per cent. 9 to 11 per cent. 

Manganese . . .. 18 to 22 „ 9 to 11 ,, 

Aluminium , . . . 9 to 12 „ 4| to 6 ,, 

Iron . . . . , . remainder. remainder. 


This alloy is used for making the metal for guns and pro- 
jectiles and high grade steels, owing to its deoxidizing pro- 
perties. 

Ferro-Silicon-AIuminium, 

This alloy resembles the previous one in* its deoxidizing 
properties and it is produced electrically. 

The composition is as follows: 

Silicon . . 4.5 per cent. 

Aluminium 12 to 15 per cent. 

Iron . . . . . . . . . . . . remainder. 

Ferro-Tungsten. • 

This alloy is used in connexion with the manufacture of 
* tungsten magnet and high-speed tool steels, to impart the 
correct amount of the element to the finished metal. It is 
obtained in the electric furnace from the tungsten ores wol- 
framite or wolfrai;nate of iron and manganese. 

The highest tupgstfen content of high-speed steels is from 
20 to 25 per cent., which is usually associated with abou^ 
6 per cent, of chromium. • 

Ferro-tungsten contains from 70 to/ 80 per cent, of acii 
' “ tungstique.” 
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Other Ferro Alloys, 

Alloys of iron, with molybdenum, vanadium, titanium, ond 
other care elements employed in special steels and alloys, 
are now manu|actured, usually in the electric furnace, for 
metallurgical purposes. * The following are typical composi- 
tions of some of these products : 

Table II. 


< 

< 

Ferro- 

' Ferro- ’ 

Ferro- 

Ferro- 


Titanium. 

V analiium. 

6 

Molyhdenum. 

Phosphorus. 

Iron . . . / 

42-16 

(j 

64-22 to 40-00 

^ 18-50 

Balance. 

Carbon 

3-08 

1-42 to 4-00 

4-00 

0-27 to 0-30 

Silicon 

1-21 

0-12 to 0-30 

0-20 

0-50 to 0-84 

Aluminium 

0*30 

0*12 to 0*10 

O-IO 

— 

Calcium 





0-15 

— 

Manganese 

— 

0-12 to 0*30 

0-15 

3-00 to 5-90 

Sulphur 

0*03 

0-03 i 

0-03 

0-16 to 0*33 

Phosphorus . . 
Molybdenum . . 

0*20 

0-009 to 0-04 

0-03 

15-70 to 20-50 

_ Vs 

— 

75*00 

— 

Titanium 

53*0 

— 

— 

— 

Vanadium 


34*10 to 55-00 

— 



Other ferro alloys include ferro-uranium, ferro-boron, and 
ferro-tantulum. 


Spiegeleisen is an iron-manganese carbide, which occurs in 
ore deposits; it crystallizes in the rhombic system. This 
ferrous product contains from 10 to 30 per cent, of man- 
ganese and from 4 to 5 per cent, of carbon, with small quan- 
tities of silicon, sulphur, and phosphorus. 

It is widely used in iron smelting and for foundry purposes 
to impart the proper amount of manganese to steels and 
bronzes, etc., and to purify and render more fluid the metals. 

The following are the approximate lan^e^ of compositions: 

Manganese 9*25 29*75 per cent. 

Silicon . . . . ^ . . . 0*42 to 0*95 ,, 

Phosphorus . . 0*06 to 0*09 „ 

Sulphur « traces. 

Carbon . . < 3*94 to 6*20 „ 
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Table II. — Thermal Conductivities of Metals and 
Alloys (in Order op Conductivity.) 


No. 

Metal or Alloy. 

t o 

, Thermal 
Conductivity.^ 

Temperature. 

1 

Silver^ (pure) 

f 1*006 

18" C. 

2 

Copper (pure) . . 

0*918 

18" C. 

3 

Gold . . 

0*700 

18" C. 

4 

Aluminium 

0*504 

18" a 

5 

Mangesiura 

0*376 

0" to 100" C. 

6 

Tungsten 

0*35 

18" C. 

7 

Zinc ( pure) 

0*265 

18" C. 

8 

Brassf . . 

0*260 

17" C. 

9 

Cadmium (pure) ^ 

0*222 

18" C. 

10 

Palladium 

0*168 

18" C. 

11 

Platinum 

: 0*166 1 

18" C. 

12 

Iron (pure) 

1 0*161 1 

18" C. 

13 

Tin (pure) 

0*155 1 

18" 0. 

14 

Iron, wrought . . 

0*144 1 

18" C. 

15 

Nickel (97 per cent.) . . 

0*142 i 

18" C. 

16 

Iron, cast 

0*114 1 

54" C. 

17 

Steel (I per cent. C) .. 

0*108 

18" C. 

18 

German silver . . 

0*070 

0" c. 

19 

Platinoid 

0*060 

18" C. 

20 

Constantan 

0*054 

18" C. 

21 

Manganin 

0*053 

18" C. 

22 

Antimony 

0*044 

0" C. 

23 

Mercury 

0*0197 

17° C. 

24 

Bismuth 

0*0194 

18° C. 


* The thermal conductivity is the number of (gramme) calories con- 
ducted per square centimetre per second across a slab of the substance 
1 cm. thick, having a temperature gradient of V C. per cm. 

I 70 copper, 30 zinc. 
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Table III. — SrEoiFio Resistance.s of Metals and Alloys 

•i r 

(in ORDEP of CqnDUOTIVITIDS/. 


Metal. 

• 

Specijic KesiUance. 

Sl 

ydvor . . 

1*5 to l*65x 10 ® 

Copper . . 

Id) to l*8x 10 6 

Gold 

2-2 to 2*4 X 10-6 

Aluminium 

2-9 to ,3-2 X 10 6 

Magnesium 

43 to 4’4x 10 6 

Tungsten 

.^)d) X 10 -6 

Indium . . . . . • ' 

5-3x 10 6 

Zinc . . . . . , . . . 

(i-lX 10 6 

Brass 

0 to 9x 10 6 

Phosjihor bronze 

5 to lOx 10 6 

Iron 

9 to 11 x 10 6 

Palladium 

10-7 x 10 6 

Platinum 

11 to 11 •2x 10 6 

Nickel 

11-8 to 12-Ox 10 6 

Tantulum 

14-()X 10 6 

Lead 

19-8 to 20-8 X 10 6 

German silver . .. .. '* 

lGto40xl0“6 

Platinoid 

34-5 X 10 6 

Antimony 

40-r)X 10 6 

Manganm . . . . . ’ ’ j 

42 to 44x10 6 

Constantan . . . . . • • • | 

49*0x 10 6 

Bismuth . . . • • • • • j 

119-Ox 10 6 


The specific resistance is the resistance in ohms of a rod 1 cm. 

long and 1 square cm. cross-section of 0^ C. 
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Tabl^ IV. — Dttotility and Malleability oe Common 
‘ ^ Metals. . ' 


‘1 

No. I 

1 Order of Ductility of 

Common Metals.* 

Order of Malleability of 
CornmouiMetals.^ 

1 

, ^ Gold 

* (lold 

2 

* Silver' ♦ 

Silver 

3 

Platinum < 

Copper 

4 ^ 

V. Iron 

Tin 

6 

Nickel » 

Platinum 

6 

( Copper 

( Lead 

7 

t Zinc 

Zinc 

8 1 

Tin 

Iron 

9 

Lead 

Nickel 


♦ Ductility is the property which enables metals to be drawn out into 
wire. 

f Malleability is the property of permanently extending, under pressure, 
in all directions, without rupture. 


Table V. — Order of Hardnesses of Metals.* (Brinell.) 


No. 

Metal. 

Hard- 

ness. 

No. 

Metal. 

Hard- 

ness. 

1 

Air-hardened * nickel- 

700 

8 

Brass . . 

63 


chrome steel 


9 

Silver . . 

69 

2 

High carbon steel 

300 

10 

Antimony 

65 


(1'25 C) 


11 

1 Zinc . . . . . . 

46 

3 

Medium carbon steel 

200 

12 

Gold 

46 


(0-45 C) 


13 

' Aluminium 

38 

4 

Phosphor bronze 

130 

14 

Phosphor tin . . 

19-7 

6 

Bell metal 

124 

16 

Til} 

14-5 

6 ; 

Mild steel (0*1 C) 

100 

16 

1 'Rose-ipetal 

6-9 

7 

Roiled copper . . 

1 74 

17 

! Lead . . 

6-7 


* Also see p. 161 et seq. 



Table VI. — Properties of Steels. 
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Tv:^le VII. — Elastic OdAfitcienis. 

• A ' ( «' 

In Pounds pen Square Inch. 

. • C c 


Material. < 

Modulus of 
Elasticity {E) . 

Modulus of 
Rigidity (C). 

Cast iron: white 

23,000,000 

7,600,000 

.. .. grey 

15,000,000 

5,000,000 

Wrought-iron bar . . * . . 

29,000,000 

10,000,000 

Mild steel plate 

30,000,000 

13,500,000 

Rivet steel 

30,000,000 

13,000,000 

Cast steel (untempered) 

30,000,000 

12,000,000 

Copper plate . . 

15,000,000 

5,600,000 

,, wire . , 

17,000,000 

5,000,000 

Phosphor bronze 

14,000,000 

5,250,000 

Aluminium: cast 

12,500,000 

‘3,400,000 

,, sheet ( . 

13,500,000 

4,800,000 

- 


. 


Note. — The Modulus C is about } E for most metals. 



Table VIII. — Working Stresses in Metals in Poltnds per Square Inch. 
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Tabm! IX. — Properties op Steel and 
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Properties of Steel aitd Dfralumdst Tubes — Continued. 


APPENDIX II 679 ‘ 



1 

1 1 1 1 

• 

MM 

MM 

tN « M 

CO «*> <0 <0 
M ^00 

CO •+•«*• CO 

»N p vo 

0 

Ovoo vinlN 

S <0(S d 

• 

In M M M 

vo vo CO d 

M .♦ gwO 

d VO OV Cv 


fo 


• 

• 


M b b b 

M b b b 

d b b b 

1 cob b b 

fOM H 0 


0 

\n 

IN. 

Op 

1 1 1 1 

MM 

• 

. 

1 1 1 1 

CO w '*• 

OvvD VO VO 

w b b b 

00 covO *0 

M vooo oO 

Cl vo 1000 

Ov vo ^ ^ 

M 0 b b 

M .*■ CO "Vh 
DO d vo IN 

66 0 00 IN 
^^vo -vl- 
ti b b 0 

On <0 M fO 
IN. lO^ 10 
fN Ofs P 

0 ONOp 

^b b b 

vo'2^'0 
vo 0 ^ d 

IN H 0 In 

Mb M b 


0 

0 

IN 

1 1 1 1 

1 1*1 1 

00 0 InaD 

m ^N 

^ 0 00 0 

0 N 

10 VO w VO 

1 VOIN N 0 
0 O_ 0 ^ 

M fO ^ 

0 |N» •<j‘ 
<n ytoo to 

CO 0 w 

M M 00 to 
00 tN o^ fO 

M vO to 

0 In M 

Ov In M 

. c-ao vo vo 
» Ovoo In uo 

vo CO^ M 

00 vo p VO 

10 0 ©vvO 


N 



M b b 0 

M b b b 

• 

d c cf b 

d 0 b b 

CO M 0 0 





• 


a 


• • 



vp 

1 1 1 1 

11 11 

Ov CTv -t-Cp 
Ov N 

boob 

M S 

t^oo M ^ 
^ ^ 

M b b 0 

fC ^ ^ p 

w b b b 

tC CTvcS -.1- 
IN CO M OV 
w vo vo CO 

Cl 0 0 0 

• 

d b»o b 

fO % ^ K 

M P 00 On 
^ 0 CN ^ 

^ M 0 b 


5 


a P'O ? 

VO In VO N 

COOO 0 

w*-oo »nco 

In Cl vo vo 

<000 ^ N 

00 00 vO H 


Q 

MM 

rk M VO fO 

^ ^ M M 

0 b b b 

tN. M vO 

C\^ ^ M 

b b b 6 

vOvS'*R N 

Cl CO N Cl 

w 0 0 0 

vo’w'vO 8v 
vO ^ ^ N 

M b b b 

d b b 0 

vo 00 vo >0 
vp ^ vo 

Cl b 0 0 

vo In CO 
d OsvO vo 

M 0 b b 


0 

MM 

H VO fOOO 

NVO N OV 

P n M M 

CO VO In n 
(Ti ^ 0 Cl 
l» VO 

0 

*^r^-coR 

oS p 0 

\£ iNoO N 

vo O' In 

d M Ov CO 
d || In 0 

On to 0 N 

M fO N M 

^^ 0 fvoo 




0000 

0 b b b 

M 0 b 0 

M b b b 

M b 0 b 

d 0 0 b 

CO 0 b b 


0 

0 

rn ° >0 ? 

IN ior>. 01 

-*• 10 0 In 
VO O' M 0 

0 ^ 

W M It 0 

O' Cl M OS 
M CO 0 IN 

tn\0 00 \o 
^ a N m 
ON fOO fO 

M tooo 

In M IN In 
CO M ^ Os 
0^0 0 vo 

2 MdW 

0 ^00 d 


w 

1? 0 0 
0000 

vO W M M 

0 b 0 b 

b b 0 0 

M 0 0 0 

<-• 0 b b 

1 

M b 0 0 

1 

N b b 0 

Cl b b 0 


0 


ro VO VO U-) 

H Cl OVCO 


0 -vl- CO CO 

CO Oi M CO 

00 CO 0 d 

M Ov ov CO 



ro m 0 U-) 
c> -^00 fN 

^ H 0 0 
0000 

n 00 0 gv 
VO M M 0 

b b 0 0 

0 b b b 

vo >n 

H b 0 b 

g'^PS- 

^ N N 

M 0 b 0 

^ j-^g vo 

M 0 0 b 

d VO CO CO 

d 0 b 0 

M g S ^ 

InCi 5 «♦ CO 

Cl b b b 

1 


0 

§ 

VD In fN IN 

y^^ \0 0 
vD rOO 'O 

M 0 0 

00 iNoo 00 

0 M p 0 

VO Cl IN IN 
VO N 0 0 
IN p M M 

0 0 

0 0 -vl- -t 

0 ^ « M 

NO rO'O ^ 
rrjO\^ ^ 

^t^QO 00 

0 d d ^ 
^00 Cl d 
vp 7*- Cl d 

v 8 ^ Ov g 

0 H In l> 

1- VO <1 d 

N K fO fO 

On N M H 
tTi to fO PO 



boob 

b b b 0 

0 b b b 

M b b 0 

[ 

M b b b 

M b b b 

1 

d 0 6 0 

b 0 b 


0 

IN 

po w 00 »o 

lOOT 

vovorOO 

N N Ov 

1 lOVO Vg 

O' On OvoO 

, VO IN IN 00 

R S 0 0 

IN lO 0 00 

vo VO VO d 

1 CO t". M Cl 

, M M tn 1/^ 

00 ^ 0^ o^ 
covo m 

IN M t d 
fO M W 

m tooo ON 

d 'O In Ov 
IN X) In d 

VO IN d ■♦ 
Ov VO d d 

08 0 'S'w 


t 

0000 

0 b 0 0 

b b 0 0 

0 b b b 

w b b b 

j 

w b b b 

1 

w b b b 

d b b b 



— -- 







1 



mM 

8 

5 ^ ^ ^ 

l> VO N N 

000 M <0 

00 IN M 

Cl vO covo 

In VO os 0 
OO Cl 0 V 

vo p 00 Ov 
d Ov 0 In 
vO CO d cO 

0 iNVpvO 

IN OvvO In 
d M ■♦VO 

COIN 0 W 

00 In cO gv 

d COM 0 

m M 00 vp 

In « tTNp 

M »0 M 'li- 



M p 0 

b b b b 

b b b 0 

0 0 0 b 

b 0 0 b 

M b b b 

M b b b 

b b b b 

b 0 b b 

1 

1 

1 

s 





^<!^hhN 


^^Jh-vN 


1 

6 ?J 

s 

(/J 

^ 

$ 

0 00 

« 1 
(A 

li VO 

vi. ° 

0 00 

“ N 1 

c /5 

d •* 
* 2^9 

c /5 ® 

^ ,2 

-N 1 

c /5 , 

=i! 

^ d 

iss- s 

c /5 

0 

Q 


1 


1 

1 





W = Weight in pounds per foot run. A = Cross-section area vt (D - 0 - I -- Moment of inertia = ^ (D+ - d*). 

Z = Modulus of resistance = = — ^ D=: Outside diameter. d=In^e diameter=D - 2I. <=Tbickness. 

Weights given are for steel tubes at 0*283 li*- per cu. in. For duralumin multiply given weight by 0*361. 

For ahiminjum multiply given weight by 0*328. 
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Table X. — Working Loads for Mild Steel Rods, Wires, 
^ f : Pins, >nd Bolts, in ^Pounds. 


Diam. 

in 

Inches 

j 

Diam.4\ 

in 

Milh- 

J 

1 

Dead Load. * 

' ^ 

Load varying 
frequeutt^ from 

0 to Max. 

Load varying 
frequently from 
- Max. to + Max. 

mejYes. 

/ 

Single 

Shear. 

Tension,', 

Single 

Shear. 

Tension 

0 

Single 

Shear 

Tension. 

A 

0-79 

( 

8-5 

9*2 

4*9 

6-3 

2-4 

3*1 

* 

1*58 

33 

39 

21 

27 

10-5 

13*5 

i 

3-17 

134 

158 

85 

109 

42 

54 

I'rt 

476 

304 

358 

193 

248 

96 

124 

i 

^^•34 

540 

635 

343 

440 

.70 

220 


7*93 

840 

995 

537 

690 

270 

350 

I 

9*52 

1,210 

1.430 

772 

990 

390 

500 

i 

II*IO 

1,650 

1.950 

1,050 

1,250 

530 

630 

\ ! 

1 

1270 

2,160 

2,550 

1,375 

1.770 

690 

890 

1 

A 

14*30 

2,740 

3.230 

1,740 

2.230 

870 

1,120 


15-90 

3,380 

3,980 

2,150 

2,760 

1,080 

1,380 

i<^ 

17-50 

4,080 

4,730 

2,600 

5,340 

1,300 

1,670 

1 

19-00 

4,850 

5,730 

3,090 

3.970 

I, .550 

1,990 

u 

20-60 

5.700 

6,740 

3,630 

4,660 

1,820 

2.330 

i 

22-20 

6,600 

7,800 

4,210 

5.410 

2,110 

2,710 

H 

23-80 

0 

0 

9,000 

4,830 

6,210 

U 

2,420 

3,110 

I 

25-40 

8,650 

10,400 

5,500 

7.96?) 

' 2 750 

3,530 
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Breaking Stresses of Wire with Equivalents in Tons 


682 AIRCRAFT AND AUTOMOBILE MATERIALS 


m 

o 

r-lO, 

-S i 1 

2QOfOOnO'^MM"^»'®o»eot-«ooot~t^t*.t^ooaoei'<#®ooo«eoi»Aic,fliH<d» 

5«iO<OMOh.>»»'rHOO»0«)OoO«Oe<9.-taoOt^«©iOU5T»<e<5(NT-lr-loSoOtt®S5^ 

( * 

W Ooo 3 

si 

0D00r-tt> 

300'^/it'.'**<OI^^'-ta0WtKMOI>‘«e0i-lOa00t>i©»ftTj'50<M>-<'-lO00t^«500ift»O 

55 5© ® <0 irt lO kft Tji «.*trO M CO « <M (M <M (M (M iH rl rH rH rH tH rH rH tH IH rl 

80 Tons 
or 

179,200 

Pounds 

-3 t 'T'T « 

ft. 

85 Tons 
or 

190,400 

Pounds 

. ’ 

>3 t « a 00 

§ 1© M rH,-((NTttcoW)aeO'^i43'.i'«r>aeoaA<C'f»<e*5e<5(M(N cvfVo 

3vif:4IO||-i«l,-lt^e<50«De*5pt».Jir-IOOCO«(MrHOaoOb-<DiO'#CO(Mr-lOOOr-t^OiO 

90 Tons 
or 

201,600 

Pounds 

« * < • I> CO 00 ffp 

gOiO(NaQOooo(M«Di-(oou}'<i<>ncDac>50oo<a5vft'te<5c<>(M(M(Mcc'»J<t-i-icc«eaco 
5Nt^eoGO-.»'Oiveoaco<Md»«Ci<«or’»n'^(M.-Hoaaot^?ovn'^eoiMOaoot^«OeO 

(jOO^t-CCCeOOiO'^'^-^eOCOCOCCOKN'M Ci<M iMrli-lr-IrHr-IrHiHrHrH 

95 Tons 
or 

212,800 

Pounds 

,a a 00 

a<C‘'-<t^eooo'^oC'<Moo»C'-iQO>ftMa«Dift'>n'(Ni-<oaoof^a>0'.j<Mi-iaoooot»eo 

5QOaOt>t..«CeO<Oi©irt'f-.l''<l«Me<5C*5(MWC')(N(MlMiMrHTHr-ttHrHr-lrHfH 

ft. 

100 Tons 
or 

224,000 

Pounds 

« 

air'l(Meo!CO<oeoo?(Meo®OiftrvioO'-ir^,ii<i-iaoifteOi-HoaQOOOQoai-ico>ftt-o 

5,HcC'-i«'>n«Ma>fti-it^-^©i>',i<,Hoo‘<>kO'>4'<MT-ioaooa»«'i<ecirHoacot^t» 

ft. 

105 Tons 
or 

235,200 

Pounds 

'^i>io-,*<->f©oin>-iaQoa^ift©t-k«i«i-ieD(Ma«o«<-iat^?oi©',i<',fat^a'Hcc 

5u;iOtftOini-t«Mi'eca<0(Ma>ft(Maoo®ifteoo^r.ooot^©iA'tC'Joaciooot~ 

3aaQ0COt>l><O'!Oirt>t>’t"^'<l'CCe(5Mi(N(M0-\<MCl<M(N<NrHi-Hr-lrHr-l.-,iH 

ft. 

110 Tons 
or 

246,400 

Pounds. 

90 «D « 1# 

'2«aO',j<coo'i'<'©'-i©-^coco»oa-4<i-ta'^'a9«©t-foooD«0'^iM'-i©,-iMj,5irt. 

So^a'n'a'*i'aioo©iMoo^ot^'i'Oah»©iftc<)(M>-iaoot*©ii^c<oi-i©ia)Xt>. 

SOa00 00t>t'©<C>©««»rt',|<Tjt',lie0e0>«C'l(MC'l(N(MlMC-l<HlHt-lrHrHr-,l-(rH 

^ O M 

2-1 

'3aOr^in'-<OOt^OOO'il<Ot-»a©00<~l©Mt-(Ml>(Mb-COOt>-',J<MOOO®r1t^OOar, 

S'^aeoco<Mt'-(Nooeoa-^o«c>iNau^iMoat>©',i<e<0(MoaQOi>kftc<or,oaoooo 

30aaOOOOl’»t>©<C>iO'flUO'i'',l*e'5C>OCCCO(M(NC4C'1NMMi-HrHt-,r-trHrHrH 

120 Tons 
or 

268,000 

Pounds 

■§T«,!(<©a',|(T-IOO<M»AiHOO©©00(MI>?HiftaMOO-^©©<NOt-‘004,-trHIM«'^ 
Sa«<0t>T-t«0r-l©.-IC0rHt'.IM00',l<O«>>P5<MO00t'->f5'i<WrHOat^a'l'50r-(OaaD 
a aaO'Dt>t^<C©»OiO'*''ii''**C<3COeOeO<MC^<NC^CaN(Mi-,r-lrHrHTHTHiH 

Area, 

Square 

Inch. 

0-004071 

0-003848 

0-003631 

0-003421 

0-003217 

0 003019 
0-002827 
0-002642 
0-002463 
0-002290 
0-002123 

0 001963 
0-001809 

0 001661 
0-001520 
0-001385 

0 001256 
0-001194 
0-001134 
0-001075 
0-001017 
0-000962 
0-000907 
0-000855 
0-000804 
0-000754 
0-000706 
0-000660 

0 000615 
0-000530 
0-000452 

0 000415 

0 000380 
0-000346 
0-000314 

i 

NOQO«C'^NOOO®'^C^OOO«{>',4'C^OaaOt>/C‘OM<«(NrHOaQO<0'^WN,HO 

05 VO oscoeoeoooeooiNWNWiNWW 
oooooooopooopoooopoooooofppooopopooo 
OOOOOOOOOOOOOOOOOOOO 0^0 o ooood ooooooo 

<25 

<^ 

,4« -♦* hn 

1 © t-. (XS a Q r-H (MCO^kO 

^ ^ 1-1 1 ^ rl ^ IN INININC) 

11 

aoot'tc«o-»f-^o5ff4r-«ooaooi>««0‘00'#ao5ooo5t-N«ei-toO'#ao5oo 

Mi>(Nr-(Nt^oJt-Cit-(Nt-T-i<»r-i®i-ia®'i'THao®o5i-tooeeo5f-ip*Hoo»«o50 

oot,ii>co«ioif5'^,<to5«(N(NiHrHOoaaaa<»cp<f)opi^t>i>i»w®‘0»o»p»a 

,i,,i42HiHAirHT^TH<HTH,HTHAi,Hil4,HiHoo6o666666ooooo^oo 




APPENDIX II 


Table XII. — Specific Qkavity and Weight of Metals. 


Material . 

Specific j 
Gravity . [ 

i 

Weight per 
Cub . Ft . in 
Lbs .» • 

Weight ptY 
Cub . In . tn 
Lbs , 

Duralumin 

2*8oo 

175-0 • 

•0-1015 

• 

Aluminium (rolled, sheet) . . , 

2*670 

i66-6 ^ 

0-0960 

„ (cast) . . . . , 

2-560 

159-6 

0-0920 

Copper (sheet) . . 

8-780 

548-1 

0-3160 

„ (wire) 

8-900 

555-0 

0-3210 

Iron (cast) 

7-230 

451-0 

0-2600 

,, (wrought) , . 

7-780 

486-0 

0-2800 

Steel (mild) 

7-852 

489-6 

0-2810 

„ (cast) 

7-848 

1 489-3 

0-2810 

Brass (cast), average 

8-280 

: 517-0 

0-2980 

Gunmetal(iocoppertoitin) .. 

8-464 

528-4 

0-3060 

„ (8 copper to i tin) 

1 8-459 

528-0 

0-3050 

Tin (cast) 

7-291 

455-0 

0-2620 

Zinc (cast) . . . • * • • 

7-000 

^7-0 

0-2520 

German silver . . 

8-280 

516-0 

0-3000 

Phosphor bronze (cast) . . 

8-600 

536-8 

0-3100 

Aluminium bronze 

7-680 

475-0 

0-2750 
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Table XTII. — Standard Wire Gauge: Tab^e of Sizes, 
Weights, and Lengths Steel ^Wire. 


Size on 

Diameter. 

« 

Sectional 

^approximate Weight of — 

Standarct 



Aj'ea in 




Wire 

D$f imal 

Milli. 

if.etre.s 

Square 




Gauge. 

c of an 
Inch. 

Inches. 

100 Feet. 

Mile. 

Kilometre. 





Ihs. 

lbs 

Ihs. 

7/0 

•5000 

12*700 

•1963500 

66*700000 

3»522 

2,188 

6/0 

•4640 

1 1 *800 

•1691000 

57*440000 

3.033 

1.885 

5/0 

•4320 

11*000 

*1465700 

49*790000 

2,629 

1.634 

4/0 

•4000 

I0*2(^0 

*1256800 

42*690000 

2,254 

1,400 

3/0 

•3720 

9*400 

•1086900 

36*930000 

1.950 

I, 2 II 

2/0 

•3480 

8*8oo 

*0951000 

32*310000 

1,706 

1,060 

I/O 

*3240 

8*200 

*0824400 

28*010000 

1.479 

919 

I 

•3000 

7*600 

*0706900 

24*010000 

1,268 

788 

2 

•2760 

7*000 

*0598200 

20.320000 

1.073 

667 

3 

•2520 

6*400 

*0498700 

16*850000 

895 

556 

4 

•2320 

5*900 

*0422700 

14*360000 

758 

471 

5 

•2120 

5*400 

*0353000 

12*000000 

633 

393 

b 

•1920 

4*900 

•0289600 

9*810000 

518 

323 

7 

•1760 

4*500 

*'■ 243200 

8 260000 

436 

271 

8 

•1600 

4*100 

*0201100 

6*820000 

360 

224 

9 

•1440 

3*700 

•0162800 

5*530000 

292 

182 

10 

•1280 

3.300 

*0128700 

4.370000 

231 

143 

II 

•1160 

3*000 

*0105700 

3*600000 

1 190 

118 

12 

•1040 

2*600 

*0085000 

2*880000 

152 

95 

13 

•0920 

2*300 

*0066500 

2*2^50000 1 

119 

74 

14 

•0800 

o2*000 

*0050300 

1*700000 

90 

1 56 

15 

•0720 

1*800 

*0040700 

1*380000 

73 

45 

16 

•0640 

1*600 

•0032200 

1*100000 

58 

36 

17 

•0560 

1*400 

*0024600 

0*830000 

44 1 

27*5000 

18 

•0480 

1*200 

•001 8 100 

o*6ioooo 

32*500 

20*2000 

19 

•0400 

1*000 

*0012600 

0*420000 

22*540 

14*0000 

20 

•0360 

0*900 1 

•0010200 

0*340000 

18*250 

11*3400 

21 

•0320 

0*800 

•0008000 

0*273000 

14*420 

8*9600 

22 

•0280 

0*700 

*0006200 

0*2CC9000 

11*040 

6*8600 

23 

•0240 

o*6oo 

*0004500 

o*i54oeo 

' 8*yo 
6*820 

5-0400 

24 

•0220 

0*550 

•0003800 

0*129000 , 

4*2400 

25 

•0020 

0*500 

*0003100 

0*107000 

5-630 

3.5000 

26 

•0180 

0*450 

*ooof>5oo 

0*086000 

4*560 

2*8400 

27 

•0164 

0*400 

•0002100 

0*072000 

3.790 

2.3500 

28 

•0148 

0*370 

•0001700 

0*058000 

3*090 

1*9200 

29 

•0136 

o. 35 <^ 

*0001400 

0*050000 

2*6io 

1*6200 

30 

•0124 

0*320^ 

•0001200 

0*041000 

2*170 

1*3500 
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1STAJ^DARD Wire Gauge— 


Size on 

Dfamter. 

Sectional 

Approximate Weight of — 

Standard 



Area in 




Wire I 

Decimal 


• Square 


1 


Gauge. 

1 of an ^ 


Inches. 

100 K#et 

Milc^ 

Kilometie. 


I^ich. 



j • 







lbs. 

n>s. 

lbs. 

31 

•OII^ 1 

0-280 » 

«OOOIOOO 1 

0-036000 

1*890 

i-i6oo 

32 

•0108 

0*270 

^ooogio 

•0-0^3 1000 ^ 

<•840 

1-0200 

33 

•0100 1 

0-254 

•00007^^0 

0*026000 

1-400 

0-8750 

34 

•0092 

0-23C; 

•0000660 

0*^22000 

1:190 

^ 0-7440 

35 

•0084 

0-203 

•0000550 ^ 

0*019000 

0*901 • 

0-5630 

36 

•0076 

0-177, 

•0000450 

0*015000 

o; 8 i 3 

0-5080 

37 

•0068 

0-172 

•0000360 

0-012000 

0*851 

0-4070 

38 

•0060 

0-152 

0 

00 

M 

0 

0 

0 

0 

0-009600 

0-507 

0-3170 

39 

•0052 

0-127 

•0000210 

0-007200 

0*380 

^ 0*2380 

40 

•0048 

0 -I 22 

•0000180 

o-oo6ioo 

0-324 

0-2020 

41 

•0044 

0 -II 2 

•0000150 

0*005100 

0*272 

0-1700 

42 

•0040 

O-IOI 

•0000120 

0-004200 

0*225 

0-1400 

43 

•0036 

o-ogi 

•0000 I 00 

0-003400 

0-182 

0*1140 

44 

•0032 

o-o8i 

•0000080 

0*002700 

0-144 

0*0900 

45 

•0028 

0-071 

•0000060 

0*082100 

O-IIO 

0-0700 

46 

•0024 

o-o6i 

•0000040 

0-001500 

o*o8i 

0*0500 

47 

•0020 

0-050 

•0000030 

o-ooio6o 

0*056 

0-0350 

48 

•0016 

0-040 

•0000020 

0*000820 

0-036 

0-0225 

49 

•0012 

0-030 

•OOOOOIO 

0*000266 

0-020 

0*0125 

50 

•0010 

0-025 

•0000007 

0-000259 

0-014 

1 0*0097 
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Table XIV.^ — Strainer Weights. 

' ‘ 


Diameijr of Screw, 
over Thread, xn 
Mxllxmetres. 

Weight in Ounces. 



Breaking Load 
Pounds. 

2‘5 

0*125 

480 

3*0 

0*200 

700 

3*5 

0*400 

1,000 

4-0 

o*6oo 

i,i8o 

4*5 

1*000 

1. 515 

5*0 

2*000 

1,900 

6-0 

2*66o 

2 i 3 i 5 

7-0 

3*750 

3,680 

8-0 

1 

5*750 

i 4.670 

10*0 

6*500 

7.530 

12*0 

8*66o 

11,000 

14*0 * 

13*250 

15,200 

i6*o 

1 1*250 

19,970 
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Table XV.— Weights and Dimensions of Me'j?al Sheets. 


Standard 

Thirjtness. 

, Weight : Lbs. per Square Foot. 

Wire 




* ' •! 




Gauge. 

Inch. 

Milli- 
metres. , 

Alu- 

minium 

* Brass. 

i 

Copper. 

Steel. » 

Tin. 

3/0 

•375 

9*525 

* 5-180 

16-70 

17-10 

'25-00 

14-40 

•372 

9*449 

5-140 

16-50 

17*00 

iJ-90 

14-30 

2/0 

•348 

8-839 

4-810 

15*50 

15-90 

13*90 

13-40 

I/O 

•324 

8-229 

4*480 

14-40 

14-80 

13-00 * 

12-50 


•312 

7*937 

4-310 

13-90 

14-20 

12-50 

12-00 

I 

•300 

7-620 

4*150 

13*30 

13-70 

12-00 

11-50 


•289 

7*341 

3-990 

12-90 

13-20 

11-60 

II-IO 


•278 

7-061 

3-840 

12-40 

12-70 

II-IO 

10-70 

2 

•276 

7-010 

3-810 

12-30 

12-60 

II -00 

10-60 


•270 

6-858 

3*730 

12-00 

12-30 

10-80 

10-40 

3 

•252 

6-401 

3-480 

H -20 

11*50 

10-10 

9*68 


•250 

6-350 

3*450 

II-IO 

11-40 

10-00 

9-60 


•238 

6-045 

3-290 

10-60 

10-90 

9*52 

9*14 

4 

•232 

5*893 

3-200 

10-30 

io-6o 

9-28 

8-91 


•216 

5*486 

2-980 

9-61 

9-86 

8-64 

8*31 

5 

•212 

5-385 

2-930 

9*43 

9-68 

8-48 

8-14 


•200 

5-080 

2-760 

8-90 

9-12 

8-00 

7-68 

6 

•192 

4-877 

2-650 

8*54 

8-76 

7*68 

7*37 


•187 

4-762 

2-580 

8*32 

8*53 

7*48 

7-18 


•182 

4-623 

2-520 

8-10 

8*31 

7-28 

6-99 

7 

•176 

4*470 

2-430 

7*83 

8*03 

7*05 

6-70 


1 -166 

4-216 

2-290 

7*38 

7*58 

6-64 

6*37 

8 

•160 

4*064 

2-210 

7-12 

7*30 

6-40 

6-15 


•150 

3-8io 

2-070 

6-67 

6*85 

6-00 

5*76 

9 

•144 

3*658* 

1-990 

6-41 

6*57 

5*76 

5*53 


•136 

3*454 

1-880 

6-05 

6-^0 

5*44 

5*22 

10 

•128 

3*251 

1-770 

5*69 

5*84 

5-12 

4*92 


•125 

3*175 

1*730 

5*56 

5*70 1 

5*00 

4-80 


•124 

3*150 

1-710 

5*52 

5*66 

4-96 

4-76 

II 

•116 

2-946 

1-600 

5-i6 

5*29 

4*64 

4-46 


•112 

2-845 

1*550 

4-98 

5*11 

4*48 

4*30 

12 

1 -104 

2-642 

1-440 

4*63 

4*75 

4-16 

3*99 


•lOO 

2-540 

1-380 

4*45 

4*57 

4-00 

3*84 

13 

•092 

.2-437 

1-270 

4*09 

4-20 

3*68 

3*53 


•090 

2-28§ 

1-240 

4*00 

4 -II 

3*60 

3*46 


•082 

;2-o82 

1-130 

3*65 

3*75 

3*28 

3*15 

M 

•080 

2-032 

I-IIO 

, 3*56 

3*65 

3*20 

3*07^ 


•077 

I- 95 & 

1-070 

3*43 

3*52 

3-08 

2-96 

15 

•072 

1-829 

0*995 

3*20 

3 * 29 , 

2-88 

. 2-77 


•068 

1-727 

0-940 

3-02 , 

3 -II 

2-72 

2-61 


•065 

1-651 

0-898 

2-89 , 

2-97 

2*6o 

2-50 
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Weiohts and Dimensions of Metal Sheets— C oiih'm'ed. 

f 

^Thickness. ■ i Weight : Pounds per Square Foot, 

' I I 

Copper I Steel, j Tin 


Standard 

Wire 

Gaifge. 


16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 


, I Milh- I Alu- 
metresi niinium. 


•0640 

•0630 

•o62l» f 

•0600 

•0560 

'*o55d 

•0510 

•0^81^ j 

•0470 
•0420 I 
•0400 I 
•0380 
•0360 

•0350 

•0320 

•0310 

♦0280 

•0270 

•0240 

•0230 

•0220 

•0210 

•0200 

■0190 

0180 

‘0164 

•0160 

•0156 

•0148 

•0140 

•0136 

•0124 

•0120 

•0105 

•0090 

•0080 


1-626 
I -600 
1-587 
i '*524 
1-422 
1-397 

1-295 

1-219 

I -1^4 

1-067 

1-016 

0-965 

0-914 

0-889 

0-813 

0*793 

0-711 

0-686 

0-610 

0-584 

0*559 

0*533 

0*508 

0-483 

0*457 

0-416 

0-406 

0-397 

0-376 

0*356 

0*345 

0*315 

0*305 

0-267 

0-229 

0-203 


Specific gravity . . 
Ratio of weights 


-885 

-87P 

•?57 

•821) 

*774 ' 
•760 

•705 

•663 

•649 

•580 

•552 

•525 

•497 

•484 

•442 

•429 

•387 

•373 

•332 

•318 

•304 

•290 

•276 

•262 

•249 

•227 

•221 

*215 

•204 

*193 

•188 

•171 

•166 

•145 

•125 

•III 


2-670 

I 


2-850 
2 -Sop 
2-760 


2-920 

2*880 

2*830 

2-740 


2-560 

2-520 

2-480 

2*400 


2-490 j 

2*560 , 

2-240 i 

2*450 1 

2*510 

2-200 i 

2*270 1 

2*330 

2-040 

2*130 *! 

2-190 

1-920 

2*090 1 

2*150 

1-880 

1-870 j 

1-920 

1-680 , 

1*780 

1*830 

I -600 , 

1-690 1 

1-740 

1-520 , 

t-6oo 

1*650 

1-440 

1*560 

I -600 

1-400 , 

1*420 

1-460 

1-280 

1-380 

1-420 

1-240 ; 

1*250 

1-280 

I-I20 

1-200 

1-240 

i-o8o 

1-070 

I-IOO 

0-960 

1-020 

1*050 

0-920 

1 0*979 

I-OIO 

0*880 1 

! 0*935 

0-960 

0-840 j 

0-890 

0-914 

o-8oo 1 

0-846 

, 0-868 

0-760 

o-8oi 

' 0-823 

0-720 

0-730 

0-750 

0-656 

0-712 

1 0-731 

0*640 

0-694 

1 0-713 

0-624 

0-658 

0-677 

0*592 

0-623 

0*640 

0-560 

0-605 

0*622 

0*544 

0*552 

< 0-566 

0-496 

0*534 

0*548 

0-480 

0-467 

0-480 

0-420 

0-400 

0-412 

0-360 

0-356 

0-366 

0-320 

8-620 

8-820 

7-740 

3*230 

» 3*300. 

2-900 


P c 



2*460 

2-420 

2-380 

2-300 

2*150 

2-IIO 

1-960 

1-840 

i-8io 

i-6io 

1-540 

1-460 

1-380 

1*340 

1-230 

1-190 

i-o8o 

1-040 

0-921 

0-883 

0-845 

o-8o6 

0-768 

0*730 

0-691 

0-630 

0-614 

0*599 

0-568 

0*537 

0-522 

0-476 

0-461 

0-403 

0-360 

0-307 


7-400 

2-780 
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Tabm: XVI. — Principae Standards for Wire Gauge frsED 

IN THE UlfiTED STATES: DIMENSIONS OF SEIZES IN 

Decimal P^rts of an Inch. • ^ " 


Number of 

American, or 

3 

1 English, or 

Washburn 

dumber of 
Wire Gauge. 

Wire Gauge. 

Brown and 

1 • Sharpe. 

1 Birmtrigham 
' or Stubs'. 

Moen Manu- 
facturing Co. 

oooooo 

% 

• 0 

' , *4600^ ’ 

w 

oooooo 

ooooo 

•460000 


•4300 

oC^ooo 

oooo 

• *454 

^ -3930 

» 9000 

ooo 

•409640 

•425 . 

•3620 

000 

00 

•364800 

3 -380 

•3310 

. , 00 

o 

•324860 

•340 

•3070 

> 0 

I 

•289300 

•300 

•2830 

I 

2 

•257630 

•284 

•2630 

2 

3 

•229420 

•259 

•2440 

3 

4 

•204310 

•238 

•2250 

4 

5 

•181940 

•220 

•2070 

5 

6 

•162020 

•203 

•1920 

6 

7 

•144280 

•180 

^1770 

7 

8 

•128490 

•165 

•1620 

8 

9 

•I14430 

•148 

•1480 

9 

10 

•101890 

•134 

•1350 

10 

II 

•090742 

•120 

♦1200 

II 

12 

•080808 

♦109 

•1050 

12 

13 

•071961 

•095 

•0920 

13 

M 

•064084 

•083 

•0800 

14 

15 

•057068 

•072 

♦0720 

15 

i6 

•050820 

•065 

•0630 

16 

17 

•045257 

*058 

•0540 

17 

18 

•040303 

•049 

•0470 

18 

19 

•035890 

•042 

•0410 

19 

20 ! 

•031961 

•035 

•0350 

20 

21 1 

•028462 

•032 

•0320 

21 

22 

•025347 

•028 

•0280 

22 

23 

•022571 

*025 

•0250 

23 

24 

•020100 

•022 

•0230 

24 

25 

•017900 

•020 

•0200 

25 

26 

•015940 

•Ol8 

•0180 

26 

27 

•014195 

•oi6 

•0170 

27 

28 

•012641 

•014 

•0160 

28 

29 

•011257 

•013 

•0150 

29 

30 

•010025 

•012 

•0140 

30 

31 

•008928 

•010 

•0135 

31 

32 

•007950 

5 -009 

•0130 

32 

33 

•co7#8o. 

•008 

•01 10 

33 

34 

••006^04 • 

•007 

•0100 

34 

35 

•005S14 

•005 

•0095 

35 

36 

•005000 

•004 ^ 

•0090 

36 

37 

•004453 ‘ 

— 

•0085 

37 

38 

•003965 

— 

•0080 ^ 

38 

39 

•003531 

— 

♦0075 

39 

40 

•003144 

1 


•s>070 

40 


44 
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^ » 

International airor aft 'standard board 

c " SPECIFICATIONS (l A S.Bf). 

Speciflcationsr for Aircraft Ferrules and ThiiGables. 

(jjreneral. — 1* The general specificationjii, IGl, shall form, according to 
their applicability, a pafrt of these specifications. 

Material. — 2. Thimbles shall be' manufactured of f.A.S.B. standard 
No. 1010 steel sheet, cold rolled and annealed. Ferrules shall be manu- 
factured of the same steel as is used for yure— namely, I.A.S.B. standard 
steels No. 10fc,^NQ 1070, or Np. 1080. , 



Manufacture. — 3. (a) Steel wire for winding into ferrules shall be uniformly 
coated with pure tin to solder readily. 

(&) All thimbles shall be smoothly and evenly electro-galvanized. 

Dimensions and Tolerances. — 4. (a) Ferrules and thimbles shall conform 
within limits specified to the dimensions given in the tables and drawings.* 

(6) The manufacture shall provide hardeped pm gauges for all sizes of 
thimbles and ferrules, and such gauges, aftev” being approved by the 
Government, shall be used by the inspector^ for determining all internal 
dimensions and shapes. 

Delivery, Packing, and ShippW*—^- (®) Ferrules and thimbles shall be 
packed and shipped in fibre or pasteboard boxes containing 1,000 each. 

(6) A label on each loox shall be marked with order number or other 
distinguishing marks, siie, material, evidence of inspection, etc., as required 
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. Inspection and Rejection, — 6. The insj>eotdr ^ali examine one sample 
tak^ at random from a bpx of 1,000 ferrules or .thimbles and* dttermine 
whether it conforais to these specifications. • 


Table XVlI.— I.A.S.B. StaniTard Tinned Steel 
Airoraft Ferrules. 

, • 

' English Units. 


A7ticrican 

W ire Gaune 
{lU.). 

• • i 

.1 and B. 

• 

‘ D. • * 

• 

• 

• - 

• 

Approximate 
JiVeufht, 
lOtH) Pieces. 

• 


hich. • 

^ ^ i 

I nch. 

Inch. 

Pounds. 

8 

0-128 

0-130 

0^00 

34-50 

9 

0-114 

0-110 

0-232 ! 

23-00 

10 

0-102 

0-104 

0-208 

. 17-00 

11 

0-091 

0-093 

0-180 

11-76 

12 

0-081 

0-083 

0-100 

8-50 

13 

0-072 

0-074 

0-148 

0-03 

14 

0-064 

0-000 

0-132 

4-50 

15 

0-057 

0-059 

• 0-118 

3-10 

10 

0-051 

0-053 

O-lOO 

2-09 


I&tp 

Fi#.2 ^ 


Metrk! Units, 


American 
Wire Gauge 
{B.8.). 

A and A 



A pproximate 
Weight, 

1000 Pieces. 


Mm. 

Mm. 

Mm. 

Kg. 

8 

3-25 

3-30 

6-60 

15-65 

9 

2-91 

2-96 

6-92 

10-43 

10 

2-59 

2-64 

5-28 

7-71 

11 

. 2-31 . 

2-36 

4-72 

5-33 

12 

• 2-j)5 

2-10 

4-20 

3-86 

13 • 

1-83# 

1-88 

3-76 

2-74 

14 

%• 1-63 

1-68 

3-36 

2-04 

15 

1-45 

1-5(1 

3-00 

1-41 

16 

1-29 • 

1-34 

2-68 

• 

0-96 
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1’4.BLE XVIII.— I.A.S.B. Standard Tinned Steel 
Aircraft Thimbl'^s. 

^Snolish Units. 


. Size. 

m 

A. 

*■ 

m 

D. 

' c. 

i ‘ 

D. 

« 

" ' • 

K. 

Approximate 
Weight, 
1000 Pieces. 

Inch. 

Inch. 

Inches. 

Inch*. 

Inch. 

Inch.^ 

Pounds. 

tV n'V 

0-35 

0-70 

0*07 

0-09 

0-032 

3-00 

\ 

0-35 

0-70 

0-07 

013 

0-032 

4-34 


O-iO, 

0-80 

*0-10 

f GM7 

0-002 

•6-36 


0-50 

• 1*00« 

' t^O-135 

♦ ()-21 

0-032 

9-00 

A 

. 0-00 

1*20 

0Y5 

0-24 

0-032 

13-60 

■ i 

4 0-W 

1-40* 

0-17 

0-25 

0-032 

16-63 

A 

0-80 

1-60 


0-30 

0-040 

30-36 

1 ff 

O-flO 

1-80 

i 0-21 

(^33 

0-040 

33-00 

1 

1-00 

• 2-00 

1 0-20 

0-39 

0-060 1 

74-00 



Size. 

A. 

B. 

1 

C. 1 

D. 

' E. 

i 

Approximate 

Weighty 
1000 Pieces. 

Mm. 

Mm. 

Mm. 

Mm. 

Mm. 

Mm. 

Kg. 

1-69 and 2-38 

8 89 

17-78 

1-78 

2-29 

0-81 

1-36 

3-18 

8-89 

17-78 

1-78 

3^30 

'0-81 

1-97 

3-97 

1016 

20-32 

2-54 

4-32' 

^0-81 r 

2-88 

4*76 ’ 

12-70 

26-40 

3-43 

6-33 

'0-81 

4-08 

6-56 

16-24 

30-48 

3 81 

6-10 

0-81 

6 12 

6 35 

. 17 78 

35-36 ' 

4-32 

6^5 

0-81 

7-64 

7-14 

2P-32 

40-64 

6-03 

7-62 

1-02 

13-77 

7-94 

22-86 

,46-72 

6-33 

8-38 

1-02 

14-97 

9-53 

25-40 

,50-80 

6-60 

9-91 

1-52 

33-67 


Tolerance on dimension A (see Fig. 3) shall be + 0*01 -inch (0*26 mm,). 
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Table XIX. — Chemical Composition op Standard * 
Carbon • • • 


Nutnher. 

Carbon. 

• 

Manganese. 

Phosphorus 

Maximum. 

• S^phur 
Maximum. 

4 

1065 

0 60-0-70 

\ 0-50-0-70 

0-04 

\ 0-045 

1070 

0-65-0-75 

;• 0-.50-0-70. 

0-04 

[ 0-045 

lOSO 

0-75-0-90 

0-25-0-50 

*0-04 

r 0-045 


4P1.— LA.S.B; Speciflo^^ons for. Tumbuckles. 

General. — l. Tho general iipeeiHeatiyift, 1/Jl, sl^Il*form, according to 
their applicability, a ])art of these .s|^cilicatioiiL • • ^ 

Material. — 2. Barrels shall be made of n#,val brass (y.ei^ui^’alent alloy, . 
I.A.S.B. specifications 3N4. The shimk shall be made of steel, I.A.S.B. 
specifications 3S4. • ^ , 

Physical Properties and Tests.— 3. (a) At leash 2 per ctnt. of all turn- 
buckles shall be subjected to the test loail given in the table and must 
withstand this tost. • 

8teel turnbuckle shanks shall bo heat treated to withstand tho test loads 



{b) A bend test shall bo made upon an (iinbrokon) shank of each turn- 
bucklo tested in tension; tho shank must withstand bending through 90° 
without cracking. 

Dimensions and Tolerances.--4. Dimensions an<l tolerances are given in 
tho tables following. 

Assembly. — 5. ilhio tl^oads arc to bo greased and must have a snug true 
fit allowing the bJtrrel or shank to be turned by hand, and showing absolutely 
no slackness in f^t or perceptible end shake when tho ends have been ex- 
tended three threads from tho barrel. 

Finish.— 0. Turnbuckle shanks stall be thoroughly covered with a 
suitable non-corrosive grease before shipment. Before inspection of the 
finished turnbuckles they may, if so specified, bo floppor plated in order 
that initial stress in the barrel may be detected. After this inspection turn- 
buckles shall be greased or shall be coateci^ith an air-drying enamel as 
specified. 
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When a tumbuckle has two eye ends with different siise holes for the pin and cable, the two diameters are piven. 
This tumbuckle is to be bored to receive pin on one end only. 




Dimensions in Millimetres. 
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* When a tumbuckle has two eye ends with different size holes for the pm and cable, the two diameters are given, 
t This tumbuckle is to be bored to receive pin on one end only. , 

NOT*. — In column marked “ I.A.S.B No ” the letters used are for the following items: A, short fork ami eye tumbuckle; B, long fork aud eye 
tumbuckle; C, short double-eye tumbuckle; D, long double-eye tumbuckle. 



Table XXII.— Equivalent Breaking Stresses for Strainers and Turnbuckles. (Ascol.) 
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AIR MINISTRY SPECIFICATIONS FOR FERROUS 
METAjLS 

Specification for NicKEL-CnuoivfK Stf^l Axle IJ^ubes.— Air Board • 
Specification T. 2. • 

Provisional Specifica'J’^on for 50-Ton Carbon Tubes. — Am 

Board Specification T. 5. 

Specification for Mild Steel Tubes. — A m BoAigj SpfeciFiCATioNS 

T. 0. 

Schedule of Standard Sizes of Steel Tubes for Aircraft. — Am 
Board Specifications T. 10. 

Limiting Loads for Tubular Steel Struts. — Air Board Specification 

T. 6. 

Limiting Loads for Tubular Steel Struts. — Air Board Specification 

T. 6. 

Limiting Loads for Tubular Steel Struts.— Air Board Specification 
T. 0. 

Supplementary Schedule of Larger Standard Sizes of Round 
Steel Tubes for Aircraft. — Air Board Specification T.' 10. 

Oval Steel Tubes for Aircraft. —Air Board Specification T. 11. 
Schedule of Standard Sizes of Streamline Steel Tubes. — Am 
Board Specification T. 13. 

Specification for Stiheamline Wires. — Am Board Specification 

W. 3. 

Specification for Swaged Wires. — Am Board Specification W. 8. 
Specification for Flexible Steel Wire Rope. — Air Board 
Specification 2 W. 2. 
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APPENDIX III 

AIR ly^^NISTkY‘ SPECIFIfJATIONS FOR FERROUS 
JIETA'LS 

Specification ‘^^ick€^-Cllrome Steel Axle Tubes. — Air Board 
Specification T. 2. 

Note. — Axle tubes are seriously weakened where drilled. 

Accuracy of Form, Size, and Straightness.— (a) The tubes are to be accur- 
ately circular ^ 

(?;) The mean outside diameter {i e , tli(‘ mean between the maximum and 
minimum diameter) at any section is not to differ from the size shown in 
column 2 of the Selieduh'. by more tlian +0-00r) inch 

(r) The ends of the tubers for a distance of 14 mclies from each end are to 
be roundcsl by iiressure, so that no diameter exceeds tin* nominal diameter 
(Col 1) 

{d) No axle is to exceed tlie maximum spccitied weight (cahuilated by 
multiplying its length by the weight jicr foot given in column 5 of the 
Schedule) 

(e) At no point in a tube is the thickness to fall sliort of the nominal 
thickness by more than 10 per cent or exceed it by more than 20 jier cent. 

(/) The tubes are to be as straight as possible, and in no part of the length 
is the departure from straightness to exceed one« three-hundredth of the 
length of that part 

Mechanical Tests. — {a) The tubes are to comply with the following tests • 

{b) Proof Load — Every axle is to be tested by having a proof bonding 
moment applied to it near one end, and at least one axle in ten is to be tested 
in this way at both ends. The proof load is given in column 7 and the 
leverage L is given in column 8 of the Schcxlulo at the end of this specification. 

(c) Tensile Test. — One test piece to represent every 100 axles is to be cut 
from one of the tubes from which the axles have becn^cu^^; it ia to be heat 
treated with the axles it represents and is then to be tested in tension; it 
must give the following results : 

Ultimate tensile strtf»igth - - - Not less than 85 tons per square inch. 

Elongation on 2 inches . ’ . . ,, ,, 5 per cent. 

4 „ - „ „ *^3 
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Schedule/ 


1 

Is 

S 2 

2 ^ 

True 

Outsid^ 

Diam. 

{Lnn. 

± -005 
in.) 

3 t 

1 

Thickness. 

* 

* • 

Min. 
Area oj 

Section. 

' 

- 

* 

M,odu-> 
lus of 
Section 
Z. 

Proof 

Load, 

Proof 
Load 
Lever- 
tage L. 

Inches. 

~ — » — 

Inches. 

Gauge. 

Inche.s 

Inches.'^ 

Lb. Inches.^ 

Lb. 

Inches. 

2-375 

2-368^ 

10 

-•000 

*^'.+-•010 

•003 

3-30 

•482 

* » 

2,410 

35-0 

2-165 

2-158 

10 

000 

-010 

•A 19 

• 

• 3*00 ‘ 

;394 

2,290 

« 

30-0 

2-165 

2-158 

12 

•^04 - 

•673 ' 

• 

2-46 

•3.tl 

>,930 

30-0 

2-165 

2-158 

14 

^'*+•006 

•524 

1-92 

•2d4* , 

1,540 

30-0 

1-75 

1-743 

10 

lou 

^'-^±•010 

•6.52 

2-38 

•247 

1,730 

25-0 

1-75 

1 1-743 

12 

4--000 

-008 

-.538 

1-97 

•209 

1,460 

25-0 

1-75 

1-743 

14 

•080- 

.006 

•420 

1-54 

•168 

1,170 

25-0 

1-75 

1-743 

16 

•064 

dm 

•339 

•1-24 

•138 

964 

25-0 

1-50 

1-493 

14 

•080 “ 

.006 

•357 

1-.30 

•120 

966 

21-7 

1-50 

1-493 

16 

•064 ^ 
^'*^-|--005 

i -289 

1-05 

•099 

797 

21-7 

1-50 

1-493 

18 

•048 -■ 

•(M)4 

•219 

•80 

•077 

620 

21-7 

MO 

1-095 

14 

•080 “ 

.006 

1 -256 

1 

•93 

•061 

807 

13-2 


Provisional Specification for 50-Ton Carbon Steel Tubes. — 
Air Board Specification T. 5. 

The tubes (ire to be deliv§red in the normiiUzed condition. {Where brazed or 
welded then strength will be reduced to the value given in the softening 
test.) 

General Condition. — The tubes are to bo straight, smooth, true to section, 
of uniform sectional thickness, and of equal diameter throughout, free from 
scale, dirt spceks, longitudinal seaming, lamination, grooving or blistering, 
both internally ayd exttj^nally. 

Accuracy Dimensions. — The mean diameter of any tube is not to differ 

from the size specified more than ±0-002 inch. 

The mean thickness of any tube is not to be less than the specified gauge, 
and is not to exceed it l?y more than 0-004 inch in tubes thinner than 0-08 
inch, or by more than 5 per cent in thicker tubes, /fny variation of thick- 
ness due to eccentricity of the bore is not to exceed 20 per cent, of the specified 
thickness. 
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Tests. — The tubes are to comply with the following mechanical tests : 

Tenhi&.% and Compression (Tests . — ^ test piece consisting of a short length 
cut off the^tube must give the following results, without further heat trea‘t. 
ment or ot!|j^er ilanipulation . ’ • • 

Normalized Tubes : 

i . * 

Ultimate stress m tension ivot loss than 50 tons per square inch. 

Yield point ,, ,, ,, 46, ,, ,, 

YiMd points in compression ,, 46 ,, „ 

Softening Test. — Additional tensile tests are to be made when required 
to prove that the tubes will not soften unduly when brazed or otherwise 
heated. For this jujpose the test piece, before is tested,* is to be heated 
i to a full red Ijeat at one Vud,, w*Jiile tOio other cbd remains cold, and is then 
j to be allowed' to cool. When tq,sted th*e ultimate strength is not to be less 
than 30 tons per square inch, and the yield point is not to be less than 18 tons 
per square inch, v i. * 

Flattening Tesi^ — A sarnfde of the tube of length equal to its diameter is to 
bo flattened .till the sides are not more than eight times the thickness of the 
metal apart The' samples must stand this treatment without cracking. 

Specification for Mild Steel Tubes. — Air Board 
Specification T. 6. 

Hard Drawn and Blued. Carbon about O’ 15 per Cent. 

If blued tubes are annealed, brazed, or welded, their strength will he reduced 
at the parts where they are so treated to 20 tons per square inch ultimate 
and 11 tons per square inch yield point 
Tubes under | inch outside diameter are difficult to make to this Specification, 
and should, unless strength is essential, be ordered to Specification for 
Softened Tubes. 

General Condition. — The tubes are to be smooth, true to section, of uni* 
form sectional thickness, and of equal diameter throughout, free from scale, 
dirt, specks, longitudinal seaming, lamination, grooving or blistering, both 
internally and externally, • 

Aocoracy of Form, Size, and Straightness. — (o) Round tubes are to be 
accurately circular. 

(6) The mean outside diameter {i.e., the mean between the maximum and 
minimum diameter) at any xioint is not to differ from the size ordered by 
more than ±0-004 inch (or for tubes over 2 inches diameter, by more than 
diameter/500). The mean inside diameter is not to be less than the correct 
outside diameter minus twice the maximum pefmissibje thickness, nor 
greater than same minus twice the minimum permifisilSle thickrfess. 

(c) Oval tubes are to be of the correct form and dimensions within the 

tolerances specified in Schedule T. !!.• • 

(d) No tube is to h^ve a mean thickness less than the specified gauge, oi 
exceeding it by more than 0-00% inch, except tubes thicker than 0-060 inch, 
for which the tolerance is to*ke 7J per cent, of their thickness. (Tube 



APPENDIX ni 


7^1 


ordered to be 22-gauge thick are to be 0-i)25 inch with a tolerance of -f 
0^-004 inch to agree with ^he dimension* set out’in Schedule T., 10./ 

(e) At no f)q^t in a tube is the thickijess to fall short of t^le nominal 
thickness by more than 10 per cent, or e:A:eed it by more “AianAS per cent. 

(/) The tub^ are to be as straight as possible, and in no^part of the length 
is the departure from straightness to exce-yi one six-himdredth of the length 
of that part. ^ 

Tests. — (a) The tubes are to comply with the following wnechamhal tests : 

(b) Tension and Coynpression? Tests. — To8<5 pieces, consisting of short 

lengths cut off the tube, must give the following results,, without further heat 
treatment or oilier manipulation: , 

Ultimate strength m tt^sion no^iks tJiap 30 toAs per square inch. 

Yield point ,, ,* ,, 23 * g ,, 

Yieid ]H)int in compression ,, 28 ’ 

(c) Flattening Test - tube is to he flattened at the end, or at any 
point where defwtive material is suspected, by*a few blows (not more than 
six), till the sides are not more than three times the thickness of the metal 
apart. The tubes must stand this treatment without cfacking. 

{d) Crashing Test — Samples of the tube selected are to bo crushed endwise 
until the outside diameter is increased m one zone by 25 jier cent , or until one 
complete fold is formed. The samples nn^st stand this treatment without 
cracking. 


Schedule of Standard Sizes of Steel Tubes for Aircraft.— 
Air Board Specification T. 10. 

(This Schedule does not apply to Axle Tubes.) 

17 Gauge. Thickness 0‘0.5(> inch (Tolerance - 0, +0-004 inch). 


Nominal Size. 
Outside Dia- 
meter {Tolerance 
±0-004 in.). 

Minimum 

A rea of ! 
Section. 1 

Maximum 
Wei(jkt 1 
per Foot. ' 

Moment of 
Inertia I. 

Modulus of 
Section Z. 

Inches. 

Indhes.^ 

Pounds. 

Inches.^ 

Inches.^ 

i 

0-034 

0-122 

*0-000174 

0-00139 

A 

0-045 

0-162 

0-000384 

0-00246 

1 

0-056 

0-202 

0-000736 

0-00393 


0-067 

1 0-242 

0-00125 

0-00608 

i 

0-078 

0-282 

0-00196 

0-00783 


0-100 

0-362 

0-00409 

0-0131 

1 

0-122 

0-442 

0-00740 

0-0197 


0-144 

0-622 

0-0121 

0-0278 

1 ; 

^•166 

0-602 

0-0186 

0-0372 

H* 

* 0-188 

0-683 i 

0-0269 

0-0479 

u 

V 2 IO 

0-763 : 

0-0375 


If 

0-232 

i 0-843 : 

0-0506 

0-0735 

H 

0-254 

; *0-923 i 

0-0663 

0-0884 

If 

0-276 

: 1-00 

0-0861 

0-106 

If 

0-298 

! 1-08 . i 

0-107 

0-122 

u 

.0-320 

1-16 

0-132 

0-141 

2 

0-342 

1-24 1 

0-162 

0-162 


0-364 

1-32 1 

0-196 

0-183 
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20 Gauge (Approx. 1 "mm.). Thickness O-Os!) inch ('i^jlferance - 0, 
« , +.0*004 inch). 


Nominal Size. 
Outside Dia- 
meter {TqJ.erajvce 
+ 0*004 in.). 

Minimum 
Area of 

4 ' Section. 

Maximum 
, Weight 
per Foot. 

1 

Moment of 
^Inertia I. 

Modulus of 
Section Z. 

Inches, 

Inches."^ 

Pounds. 

Inches.^ 

Inches.-^ 


0*0242 

0*0897 

4 000142 

. 0*00114 

1* 


“ 0*0312 

4)*116 

, 0*000305 

0*00195 



0;03f83 ‘ 

‘ O^* 43 

0*000557 

0*00297 

•• 

0*04h4 

, 0•17^ 

0*000923 

0*00422 



‘ 0*0525 

0*197 

0*00142 

0*00568 



0*0666 

0*^50 

0^00290 

0*00928 


: 

‘^0*0808 

0*303 

0*00516 

0*0138 



0*094§’ 

0*357 

0*00836 

0*0191 

1 


0*109 

0*410 

0*0127 

0*0254 



. 0*123 

0*464 

0*0183 

0*0325 



0*137 

0*517 

0*0253 

0*0405 

Ij 


0*151 

0*570 

00340 

0*0494 

IJ 


0*166 

0*624 

0*0444 

0*0592 

1 


0*180 

0*677 

0*0567 

0*0698 


; 

0*194 

* 0*731 

0*0712 

0*0814 

ij 


0*208 

0*784 

0*0880 

0*0938 

2 


0*222 

0*837 

0*107 

0*107 

2i 

0*236 

0*891 

0*129 

0*121 


Approximately 22 Gauge. Thickness 0*025 inch (Tolerance - 0, 
+ 0*004 inch). 



1 

0*0177 1 

0*0685 

0*000113 1 

0*000905 


0*0226 

0*0878 . 

0*000234 

0*00150 


0*0275 

0*107 

0*000423 

0*00226 


0*0324 

0*127 

0*000693 ! 

0*00317 

J 


0*0373 i 

0*146 

0*00106 

0*00422 

\ 

t I 

0*0471 

0*185 

0*00212 

0*00680 

\ 


0*0569 

0*223 

0*0^/375 

0*00999 

i 

1 

0*0668 

0*162 

0*00605 

0*0138 

1 

L 

0*0766 

0*301 

0*00911 

0*0182 

1^ 


0*0864 , 

0*339 

0*0131 

0 0233 

1 ] 


0*0962 1 

0*378 

0*0181 

0*0289 

l| 


0*106 1 

0*417 

0*0242 

0*0351 

1 ] 


0*116 j 

0*456 

0*0315 

0*0420 

M 


0*126 1 

0*494 

0*0403 

0*0495 

ij 

1 

0*135 

0*533 

0*0504 

0*0576 

1 


0*145 , 

0*572 

0*0^22 ^ I 

0*0663 

2 


0*155 

0*610 

0*07^ 

6^0756 

2i j 

0*165 1 

0*649 

• 

0*0909 

0*0855 
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Extr^ Tubes for Sockets Only. ^ 

Approximately 22 Gauge. Thickpfiss 0*025 inch (Tapleraneo - 0, 
+ 0*006 inch. 


Outside 

Diameter, 

To 

Take 

Mini-t 

mum 

A rea. 

Maxi- 
mum , 
Weight 
pei^Foot. 

• 

Ovstside 

Diamefer. 

• 

^ t 

To 1 
Take ^ 

Mvii- 
mum * 
Area. 

Maxi- 
mum 
Weight 
per Foot. 

Inches. 

Inches. 

1 

l*ounds^ 

1 nches. 

Inches. ! 

Inches.'^ 

Pounds. 

vr. 

1 ^ 

0*042 J 

0*100 

• ti'a 

I y» 

0111 

0*437 

n 


0*052 

0*204 » 



0*120 

0*460 

IIT 

! 1 ‘ 

0*002 

0*2*«^ 



(fl30 

0*516 

n 

1 ^ 

0(fl\ 

0*282 

1 

1^^ 1 

il*140 

0.654 

1 1'ff 

1 

0*081 

0*321 » 

11?. 

n i 

0*150 

0*602 

1 A 

1 n 

o*om i 

0*300 


2* • I 

0*100 

0*031 

liV. 

\ n 

0*102 

0 405 

> 

1 




1. The Areas, Moments of Inertia, and Moduli (bendinR) an; calculated for 
tubes of the minimum thicknes.s — ? e , O-O;') inch for 17 gauge tubes, 0*()36 inch 
for 20 gauge tubes, and 0*02r) inch for 22 yiuge tubi's. 

2. The Weights per Foot are calculated for tubes of the maximum thick- 
ness — / € , 0*0()0 inch for 17 gauge tubes, 0*040 inch for 20 gauge tubes, and 
0*029 inch for 22 gauge tubes The weight is taken to be 400 lb per cubic 
foot 

3 Telescopic Tubcs.— Tlu* 17 gauge tubes (omitting the and iV sizes) 
form a telescopic scries, each fitting over the next si/e, | inch smaller in 
diameter 

The 22 gauge tubes (with the socket sizes) also form a telescopic scries, 
each fitting over the next size i',- inch smaller m diameter 

4. Tubes for Struts, -Stmt tulx-s an* carefully straightened and then blued, 
but to avoid bending during handling they must not be ordered in lengths 
exceeding 10 to 12 feet. 

5. Tubes for Gendlfal Purposes.— These are ^treated m the same way as 
stmt tubes. Long tubes for boundary edges and similar purjioses can be 
made much straighter if built up of shorter pieces, and should be ordered 
in lengths not exceeding 10 feet 

() Tubes for Sockets.— The 17 gauge and 22 gauge tubes may be used for 
sockets {set Clause 3), and also tubes of the special standard thickness given 
below. Additional sizes are provided in the table headed Tubes for Sockets. 
Tubes for us^ as^ soiikets are more readily obtainable than stmt tubes, be- 
cause slrut "^ubes have to be carefully straightened and more accurately 
heat treateif; orders should therefore always state when tubM are 
intended only for ijockets. Suth tubes must not be used for carrying 
toads 

> 

Tubes for use as sockets should not b# ordered in lengths exceeding 4 feet; 
^ the lengths they 'are going to be cuttuto are specified, the tubes will be 
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‘ supplied in multiples of these lengths ; if not they will be supplied in random 
lengths oftl feet and under. » « 

7. Speoial*^S4adard l^cknesses. 

c, f ■“ 

No. 1, Special 0*090_|^ 0-007 — ^ smaller in O.D. 

■ -0 


2 . 

3." 


0-120 


+ 0-009 

«-i5o;«oif 


1 


8. Tolerances and Fits. — The tolerances specified give an average clearance 

between tube and socket of about 0-008. inch. ^ « t- 

9. Orders. — 0rder8*f(fr st^ndani tub^s must state if they are for' struts or 

sockets. \ ‘ < ' * 

*' If they are for i'itrutS the order nfust give for each t'ube — 

(a) Number of tubes and length of each, or Total length and lengtlis in 

which it IS to be used. 

(b) Outside diameters and thicknesses or gauges. 

(c) Specification'number, which defines the quality of the steel. 


If the tubes are for sockets the order must give — 

(d) Total length required, anc* when practicable, the lengths the tubes 

are going to be cut into, so that exact multiples may be 
supplied. 

(e) Outside diameters and sizes they are to take 
(/) Specification number. 


Example — Supjily 1,000 .strut tubes 5 feet 6 inches long, 1 inch diameter, 
17 gauge, or Supply 0,500 feet of 1 inch diameter, 17 gauge tube for cutting 
into 5 feet 6 inch lengths. 

Also supply 100 feet of socket tubing IJ inch O D. to take 1 inch, for 
cutting into 9 inch pieces. 

10. Strength of Struts. — The curves on pp. 705, 700, and '/0 7, give the 
limiting loads for struts of any length made of any of the standard sizes of 
steel tubes. 

Allowance is made for the fnaximum crookedness and eccentricity of bore 
which is permitted in the Air Board Specifications. 

The Limiting Load given by the curves is the load which make.s the maxi- 
mum stress in the tube equal to the yield point — f.e., to 28 tons per square 
inch. 

The CoUapsing Load of a strut is either the same as, or a little higher than, 
the limiting load. 
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Limiting Loads for TubulA Steel Struts.— Air. Bo&rd SpetiAcation T. 6. 


20. QQO 


/9, ooo 


/S. ooo 


/400Q 


/2. OOO 


/a. ooo 


8.000 


6, ooo 


4. ooo 


2, ooo 


• TuBm Oauge Thick. 

» For Tubes of^Stiindard Dimensions. 

Tlf(^ Curves ul^e drawn for Tubes of 
tfie Mimiuium Thickness allowed for 
. this gauge, 

vi/. , O-Ufib inch. 

* * 

» , Vftuiijfs Modiolus Id, GOO Ton^ 

• per s«iiiare inch. 

Yield Fomf 28 Tons per sipiaro inch. 
I'l<iuivale»t 41ccentricity of Loading 
Inter nal Diametc'r Length 
'^ 0 ~'i ~G 00 "“ 

hauls round or pin-jointed. 



20 ^ 40 60 80 /oa f 2 o 

» Length /nches. 


Fia. 


45 


LimJhnq Load Lbs 


706 AIR&RAFT AND AUTOMOBILE MATERIALS 


Limiting Loads 


for Tubular. Steel Struts.— Air Board Specification T. 6. 

fo • 

20 GTAuge Thick. 


fzpod 


For Tubes Standard Dimensions 
(Air Beard Schedule T. 10). 

The Curves are drawn for Tubes of 
the Minimum Thickness allowed for 
this^pauge, 

0*036 inch. 


, f Young's Modulus 13,600 Tons 
,1 per square inch. 

Yield Point 28 Tons per square inch 
E(piiv<ilent Eccentricity of Loading 
Internal Diameter , Length 
" 40 “’■"WOO^ 

Ends round or pin -jointed. 



3000 
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Limit in g Loads lot Tubular Steel Struts. — ^Air Board Specification T. 6.. ^ 


Booo\ 


8000 


7000 


€OOo\ 


SOOO 


4000 


,3000 


2000 


/ooo 


Tubes Approximately 
22^Gaug^ Thick. 

For Tubes of Standard Dimensions. 
The curyos are drawn for Tubes of 
the Minimum Tliickness allowed for 
^ * this Gauge, 

. viz^ 0-025 inch. • 

• r 

Voiyig’s Modulus 13,(300 Tons 
pe^ square inch. 

Yield li)i*it 28 Tons per square inch, 
^iquivalent Kccentricity of Loading 
^itenial Diameter Length 

Ends round or pin-jointed. 



40 60 90 /OO 

Lcnjyfh /aches 

Fig. 3, 


t40 
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Supplementary Schedule, of Larger Standard Sizes of Round 
SteelJF.ul]es for Aircraft.v-Air Board Specificatftn T. 10. 

Tubes roB*STjiUTs, ‘.Straightened and Nc^mauzed. 


Approxiniatoly 11 GAUpE. Thickness p- 118 inch min. to 
* ^ » 0-1 22 ihch max. 


Outside 

Diameter 

{Tolerance 

±0-004 in.)t 

• 

To 
' rak(i 

• € 

m 

Minimum 
Area of 
^ hketion 
{see 

«. • 

Maximum 
eW eight % 
, per Tool 
{se.e Note). 

Radius 

of 

Gyration 
{see Note). 

Inches. 

^I^iches. 

ISquare Inches. 

i'ounds. 

Inches. 

n 

0-700 

2-779 

0-753 

n 

‘) 1 

0-883 

3-105 

0-841 

n • 


0-070 

3-431 

0-930 

3 

' r* 

1 -008 


1-018 


l-lOl 

4-083 

1-100 

H 

n 

31 

1-055 

4-409 

1-950 

33. 

1-347 

4-735 

1-283 

4 

3| 

* 1-430 

' 1-532 

5-001 

1-371 


4 

5-387 

1-460 


44 

1-025 

5-713 

1-548 

H 

431 

1-717 

0-039 

1-630 

5 

H 

1-810 

0-305 

1-725 

Approximately 17 Gauge. Thickness 0-050 inch min, to 

0-000 inch max. 

24 

21 

0-380 

1-407 

0-774 


2] 

0-408 

1 487 

0-818 

2J> 

24 

0-430 

1-507 

0-802 

2u 

24 

0-452 

1-047 

0-907 

oE 

06 

0-474 

1-727 

0-951 

n 

3 

2] 

0-400 

0-808 

0-995 

.3 r 

0-518 

1-888 

1-039 

H 

34 

0-540 

f-968 

1-083 

H 

0-502 

2-048 

1-128 

3=4 

34 

0-584 

2-128 

1-172 

34 

31 

0-006 

2-208 

1-216 

3f 

H 

0-628 

2-288 

1-260 

3| 

3| 

0-650 

2-369 

1-304 

H 

31 

0-672 

2-449 

1-348 

4 

3| 

0-694 

2-529 

1-393 

H 

4 

0-716 

^•609 , 

1-437 


H 

0-738 

2-68^ o 

1-481 

4 


0-760 

2x769 „ 

• 1-626 


4 

0-782 

2-860 . 

1-669 

4 

4 

0-804 

2-930 

1-614 

4 

4| 

0-826 

S-OIO 

1-668 



0-848 

3-090 

1-702 

5 

• 4f 

* 0-870 

•c 

3-170 

1-746 
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approximately 20 Gauok. Thickness aboufr I ‘mm., from 0*036 inch min. 
* to 0*040 inol\ max. 


• 

Outride 

Diameter 

{Tolerance 

±0*004 u^.). 

To • 
Take 

Minimum 
Area, of * 
Section 
l^see Note). 

Maximum 

Weight 

1 per Fool% 

• (see Note). 

Radius 

Oyration 
(see Note). 

Imhei^. • 

2i . 

2i 

3 

•H 

3^ 

InchcM ^ 

" • 

Squar^I nrhcM. 

•(i*2.5« 

0/7H • 

0*335 

0*363 

1 0*302 

1 

Pounds. 

0*0*(f 

• *1*953 

1*160 ' 

I*2r.7 • 

1*374 

. 1-4A*. 

Inches. 

0*781 

1 0*860 
► 0*058 

1*046‘ 

1*135 

I 1 *223 


Apiiroximately 22 G 

AiTfiE. Thickness 0*025 iflch 
0*020 inch max. 

min. to 

1 2,-V 

0*174 

0*680 

0*785 

; ' 2,^, 

0*184 

0*748 

1 0*820 

1 2 

0*104 

0*767 

0*873 

i 2 

0*204 

0*806 

0*017 

' 2!,v 

0*214 

0*844 

0*062 

i . 21^ 

0*224 

0*883 

1*006 

21ii 

0*233 

0*022 

1*050 


Extra Turks for Sockets Only. 


Approximately 22 Gaucie. Thickness 0*025 inch min. to 
0*020 inch max. 


2 .'’« 

2 j | 

0*160 

0*670 : 

■— 

2 At i 


0*170 

0*700 

— 


‘A 

0*180 

^ 0'717 

— 

O 0 

^ 1 TT 

2 ^ 

0*100 

0*786 

' — 

21 ^ 

2 ^ 

0*200 

0 825 

i 

2}h’ 

2 | 

0*200 

0*864 

— 

2U 

2 i 

0*228 

0*002 

— 

3tV 

3 

i 

0*238 

0*941 



Note. — Sectional a1*eas are calculated for tubes of minimum thickness, 
vi^., 5*148, 0*056, 0*030, and 0*025 inch respectively. 

Weights per foot are calculated for maximum thickness, viz., 
0*122, 0*d60, 0*040, aitd 0*029 inch respectively. 

, Radii of gyration are calculated for jjiinimura diameter and 
thickness. 
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Sooketi^ — All the tubes except those of 20 gauge may be used as sockets 
for other sl^ndard tutfes. * » , 

Struts. — Curvg A (Fig. 4) gives the limiting stress,^ #icl hence the 
limiting liotfd, for a tubidar strut of any size and length, allowing for 
the crookedness f8nd ^eccentricity of boro allowed in the Ajr Board Tube 
Specifications. ' ’ • 


45,000 


40,000 

IS, ooo 



25,000 


/5, ooo 


so SO fOO 170 1/0/60 /90 200 220 240 

l/a/ues of 


Specially Straight Tubes. — The tubes in this schedule can be supplied, 
when so ordered, with a deviation from straightness not exceeding one-half 
the amount allowed in the Tube Specifications, (^urve (Fig. 4) gives 
the limiting stress, and himce the limiting load, for stf utj? of avy size and , 
length allowing for this reduced crookedness and tlie eccf^ntricity of bore 
allowed in the Air Board Specifications. 
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Oval Steel Tubes for Aircraft.— Air Boyd Specifioutlon 

• T. 11, (See Fig. 5.) 

Schedule.? of Standard Sizes and PropebAks of 

• . Sections. •* 

• • 

17 (J vUdK. ,'riiickrioss, 0 03(^ iiioh to O-OGO inch. 


OhUhU 
Diamcte) s'. 

„.4 L.'^* 

Mini- 
inn in 

Aiea 

oj 

Section 
{Sec ' 

We Ilf lit * 
per Ft. 
linn of 
T^ie of 
Man- 

f 

• 

Radii of 
Cijration 
(iS'ef Sote 1). 

• • 

.Mod id 1 of 
Scefnon 
{See Note 1). 

• • 

Limiting 
Rending 
Loads at 

10 Inches 

Over Jiang 

Toler- 

ance 

+ }> 

Toler- 
ance 
+ 1 per 

ia n in 

Section 

Ahont 

\hout 
d » IS 

• 

Ahont^ 
, l.l‘l s 

• 

Ahoii^ 

. !.r*s' 

{See Note 3 * 
and Fig. 6). • 

Cent. 

ofB. 

Cent, 
of 1). 

.V of el) 

*\ote 2). 

A' A. 

YY. 

AX. 

.rv. 

• 

Ifi. 

ir.y. 

In, 9. 

In 9. 

Sq.Ins. 

Lh. 

In. 9. 

In9 

//IS ^ 

1 11.9.'^ • 

Lh. 

Lh. 

1 

-4 

-120 

•4.16 

•208 

•132 

0214 

*0105 

132 

66 

.11 

-5 

•151 

•556 

•377 

•170 

•0344 

•0176 

216 

110 

\\ 

•6 

• 1 84 

•673 

•l.->5 

208 

•0513 

•0268 

321 

168 

1] 

-7 

•217 

•701 

534 

•216 

•071 1 

0370 

446 

238 


•H 

-240 

•010 

•613 

♦>84 

0043 

0500 

502 

310 

2| 

•0 

•282 

1-028 

•602 

•322 

•1204 

•0650 

756 

412 


1 0 1 -:U4 

20 (1 wc.h 

1-U7 

1'liick 

•771 1 -361 -1503 0827 

ness, 0-036 inch to 0 010 inch 

013 

518 

1 

•4 

•070 

•200 

•301 

130 

•0147 

0077 

02 

48 

1} 

-5 

•100 

•378 

•383 

177 

•0236 

0127 

148 

80 

1^ 

-6 

•121 

•I 57 

•462 

•216 

, 0345 

•0189 

217 

118 

l] 

•7 

•142 

•536 

-.54 1 

•254 

0476 

•0264 

299 

165 


s 

•163 

•6 1 6 

()10 

•202 

•0628 

•0350 

394 

220 

2 \ 

-0 

•184 

•605 

•608 

•330 

•0800 

•0440 

502 

282 

2 ^ 

1-6 

•205 

•774 

•777 

•368 

•0094 

•0562 

1 623 i 

352 

Approximately 2: 

! (bvlUJE. 

Thickiics.s, 0-025 inch to 0-020 incl 

1. 

D 

1 -25 

•0341 

•131 

1 180 

•086 

•0030 

•0020 

24 

13 

1 

1 

1 

•3 

•04 1*3 

•163 

•228 

•105 

^•0058 

•0031 

36 

19 

-4 

•0550 

•220 

•307 

•143 

*0106 

•0058 

67 

36 

1 1 

•5 

•0704 

•278 

•386 

•181 

•0160 

•0094 

106 

50 

n 

-6 

•0840 

, -335 

• l()5 

•220 

•0246 

•0138 

1 154 

86 

li 

-7 

•0096 

•302 

•544 

•258 

' 0338 

•OlOl 

212 

119 

2 

•8 

•1140 

•450 

•623 

•296 

1 -0444 

•0250 

278 

156 


1 The Are^, Rady of Gyration, and Moduli arc calculated for tubes of the 
minimuyi thic^iif^is - / c , 0 ()5G mch for 1 7 gauge tubes, O-OIIG incli for 20 gauge 
tubes, and 0-025 inc^i for 22 gauge tubes. 

2 The Weights per Foot are calculated for tubes of the maximum thickness 

— i e , 0-060 inch for*l7 gauge tubes, 0-040 inch for 20 gauge tubes, and 0-029 
inch for 22 gauge tubes. • 

Allowance has been made in each cas^ for the tolerances. 

3. The Limiting l^ending Loads are thMoads which, at an overhang of 10 
inches (see Fig. 6), will produce a maximum fibre stress of 28 tons per 
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B:-‘2-r> D or ]:>^~0-4 B. 

Ric 0-3 1) or 012 B K,-- M B (approx ) 

Area of CroHH Section l*r)()(/j+ </)/ 

Radius of Gyration about XX — 0-317(!> 

„ YY-0*38Ch/ 

Where ?> -B - t^und d -1) - t and thickness. 


square inch, which is the mininuim yield stress allowed in Specification T fi. 
The limiting loads are calculated for tubes of the minimum section. 

4. Specifleation.— Oval tubes should be ordered to Specification T. 1 or 
T. 6. They are straightened and normah/.<‘d They should not be ordered 
in lengths exceeding 10 feet 

Long tubes for trailing edges and similar purposes can be made straighter 
if built up of shorter piece.s, and should be ordered m lengths not exceeding 
10 leet 



Fig. 6. 


5. Sockets. — Properly formed socket tubes for all standard ovals can be 
obtained from the tube makers. These socket tubes aAi ingh larger in each 
outside diameter than the tubes they are to go over; tUey wil|> then^ore be an 
easy fit when made 2Q gauge thick and a clo.se fit when mad^ 18 gauge thick. 
Unless specially ordered in stated length*; the socket t«bes may be supplied in 
lengths of about 6 inchog. 

Satisfactory sockets can be maiio by pressing round tubes into the proper 
shape. The inside diameter of ^/he round tube shoulif be three-quarters of 
the larger diameter B of the oval it has to fit. 
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6, Struts. — Fig. 7 gives the limiting stress, |ind hence the lim^iiivg load, 
ior an oval strut of any#izo and length, allowing for trookediress and eccen- 
tricity of bore^girmitted in the A.B. Tube Specificaiions. ^ ^ 

Limiting ^ress for Oval Tubular St^ec Struts with 
Round or Pin-Jo*inted Ends. 


* '2^ t6nfl per si^uare inc^li. 
1.3,000 


Yield point of steel *- 
Y 4 )ung ’8 Modulus, E -« 

L = I.icngth of strut in inches. 

K^Kadijis of gyratjpn of cross gection of oval about the axis YY. 
!(SeoTlible/»p '^H). . • * 

Limiting load limiting .^^ssxurea of cfoss sectjon. 





714 AIRC^FT AND AUTOMOBILE MA.TERIALS 


Scneauie ot standard Sizes oi streamline Steel*Tubes. — 
* Air Board Specification T. 13. 

Strea*ml?ne Stbe^ Tubes for Aircraft. 

^SoeFig. 8.). • 

c 

Dimensi5ns of StanTiari) Sizes. 


' Stand- 
ard 

Stream- 

line. 


B. 

Maxi- 
7nunf, 
Exter-, 
rial Via- 
7neter. 
Toler- 


21 im- 
muvi 
Exter- 
nal Did- 
7:teMr. 
Yoler- 


jn. 


B2* 


112. *7? 4. 


Centred 

r>f ] 

Qraviti/ . 
Aeloiv 


E.rternal Radii. 


Exter- 
nal Dia- 
meter of 
Equiva- 
' lent 
Round 



ance 
± { fer 
Cent. 

aiire 
±J per 
Cent. 

Nose. 





Tube. 

No 

1 nr he.H 

Inche.H. 

Inches. 

1 n cites. 

Inches. 

Inches. 

Inches. 

Inches. 

1 

1 34 

1-176 

1-628/i 

7-637 

; 2-350 

0-540 

0-242 

2 463 

2 

1 

1-OSO 

0-496 

7-020 

I 2-160 

0-497 

0-222 

2-267 

3 and 6 

1 

0-960 

1-316 : 

6- 176 

' 1-900 

! 0-437 

0-196 

1-996 

4 and (i 

! 2 

()-(i9l 

0-957 : 

4-486 

1-381 

i 0-318 

! 0-142 

1 

1-450 


Properties of Standard Sizes. 
Mc<in Tluckiicss, O-Ooli 


Stan- 

dard 

Stream- 

line. 

21 mi- 
mum 
Area of 
, Section. 

Weight 
per Ft. 
2laxi- 
mum 
Section. 

Rad 

Gyia 

A bo id 

XX. 

“ Mo,l 

tion. 

ulus. 

! hboat 
YY. 

j 21onient of 

j Inertia. 

' About About 
YY. XX. 

' About 
XX. 

About 

YY. 

No. 

InchesA 

Lb. 

I riches. 

Inches. Inches.'' 

Inches. 

Inches.^ 

Inches.^ 

1 

0-4235 

1-540 

1-045 

\ 0-426 0-261 

, 0-131 

\ 0-4624 

0-0769 

2 

0-389 

1-412 

0-960 

1 0-390 ; 0-2196 

1 0-1094 

1 0-3580 

0-0591 

3 

0-341 

1-239 

0-842 

0-340 0-1685 

1 0-0829 

! 0-2415 

0-0394 

4 

0-245 

0-890 

0-608 

, 0-241 0-0868 

: 0-0414 

' 0-0906 

0-0143 


Mean thickness, 0-036 inch. 


5 

0-2213 1 0-8335 

0-847 

0-348 0-1108 j 

0-0566 1 

: 0-1590 

6 

0-1599 0-602 ' 

1 ' 1 

0-613 

< 

0-249 0-0576 

1 

0-0287 

0-0601 


0-0268 

0-0099 
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Uouvd tubing pro peril/ j tun'd vu ig/iu leM,t)nd has tt le>i'i ivind re,<iiMiince per 
foot, than t^heatnline steel tubing of equal .d length . (he 'u,se of streamline 
tubing IS permissible only when grcntci stii]ness is rctfuned about one 
axis than the other, or it ej^eets eonsiderablc sun idijieation oj eonnexions 
and (It (ads. 

1 The Areas, Radii of Gyration, Moments of Inertia, and Moduli an* calcu 

latod for tubes of the tiuniinuni thickness — i e , 0 bor* inch and ()•(), ‘{0 incli. 

2 The We^hts per Foot are calculated for tub(‘s of th(‘ nuiMimnn thiek- 
ncsb i e , b'ObO incdi and 0 040 inch 

3 Specification.— Tubes should la* ordered to tSpecdieation T 1 They 
will bo straightened and blued in acconlanee with that specification They 
should not be ordered pi lengths exceeding 10 feet 

4 Sockets. — (a) Properly formed socked IiiIk'H for ail standard wtroamline 
tubes may be obtained from the tube makers Standard sockets are made 
of 0-0o(j inch tube, and are made an easy fit over the standard tubes. Unless 
specially ordered in statwl lengths, the socket tubes may be supplie<l in lengths 
of about G inches 

(6) Socket tubes will be known as “ Streamline socket SS 1 ” to fit stream- 
line tube No 1; “ Streamline socket SS 2 ” to fit streamline tube No. 2, 
etc. Socket tiPbe*^ will comply with specification T 26 specially ordered 
otherwise » * 

(c) Satisfactory sockets can bo made by prc.ssmg round tubes into the 
proper shape. The idside diameter of the round tube should be slightly 
greater than the “ equivalent round ” of the streaiMine tube 
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Speci&dk^iQn for Streaihline Wires. — ^Air^Board Specification 
W. 3. 



Fj(! 


Size. 

Thread, 

W 

Inch. 

T 

Inch. 

R 

Inch. 

r 

inch. 

A ) ea 
S(/na/e, 
Inch. 

Strength 

Pounds. 

4KA. 

4B.A. 

# 

()-l{)2 

0-048 

0-288 

0-0 11 

0-0071 i 

1050 

2B.A. 

2B.A. 

()'250 

0-004 

0-384 

0-014 

0-0125 

1900 

in. B.8.F. 

^ in. B S. F. 

0-348 

0-087 

0-522 

0-019 

0-0234 1 

3450 

in. B.S.F. 

^ in. B.S.F. 

0-404 

0-101 

0-000 

0-022 

0-0313 

4650 

in. B.S.F. 

m. B.S.F. 

0-440 

0-110 

0-000 

0-024 

0-0376 

5700 

m. B.S.F. 

in. B.S.F. 

0-490 

0-124 

0-744 

[ 0-027 

0-0475 ' 

71.50 

in .B.S.F. 

t in. B.S.F.j 

0-.540 

1 0-13.5 

0-810 

1 0-030 ; 

0-0563 1 

8500 

in. B.S.F. 

in. B.S.F.' 

0-r)00 

' 0-149 

0-894 

0-033 1 

0-0682 1 

10,250 

ill. B.S.F. 

in. B.S.F.' 

0-()30 

i 0-159 

0-954 

0-035 

0-0781 i 

11,800 

in. B.S.F. 

Vi in. B.S.F. 

0-092 

1 0-173 

1-038 

0-038 ! 

0-0921 [ 

13,800 

in. B.S.F. 

i in. B.S.F. 

0-732 

0-183 

1-098 

0-040 1 

0-1026 

15,500 

in B.S.F. 

in- B.S F.' 

0-830 

0-209 

1-2.54 

0-045 ! 

0-1354 

20,200 

in. B,S.F. 

^ m. B.S.F. 

0-924 

0-231 

1-380 

0-050 ! 

0-16,55 

24,700 


The cross-sectional area'^of the wire is not to bo less than that given in 
the table and is not to exceed it by more than 7^ per cent. The sectional area 
may be assumed to be 0-7()9 Wx T where VV and T are the diameters of the 
oval (see Fig. !)), or may bo ascertained by weighing a length of the wire. 
The weight per foot run of wire of 0*1 square inch section is to be taken as 
0-34 lb. 


Tests. — The blanks are to comply with the following mechanical tests : 

(а) Tensile Tests. — A test piece, cut oli one end of the *^ire splected for 
testing so as to include the round end, must show an ult|mato stress not 
less than the value given in the table accompanying this specification. 
The test piece is to be held at one end by the round part so that the shoulder 
between the round and <?val parts is included in the part under stress. 

(б) Tensile Tests on Screwed E-nd. — The round end o^the blank selected for 
testing is to be cut off, and is to bo screwed with a pair of screwing dies so 
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that it is a good tit in an a})pn)vi!d g«ingc. >lt is to be fitUnl with fork ends 
(y with iiuts^ by which ^le load can bd applied', and is then tc\ l^o subjected 
to a tensile testh^which must giv^ an ultimate load not less than that obtaincul 
from the oval section of the blank from u^ich it \vas cut there are 

diflicultics in ‘jprcwing the pieces, temporary Tiermission ^nay be granted to 
substituti'e a ti'st bn unscrew ed jiieces for ^mie of these testa. 

(c) Bending Test — Twi) 'iamples cut fron^ the wire selected for testing are 
to be subjected to tin; following bending testj f)ne of tit samphli is to be 
cut from tin* end of the wire, so*as to include tin' shoulder, and the test is 
to be applied so that the sample is lient at the .shoukk'r, the sample being 
held by the ov il part TV other sansple is to be bt'iit m the o\ al part. The 
samiile is to be fixed in a vi'ie w'hii'li bir'llu'^ innej^(“d^K'.‘?of the jaws rounded 
to a radius (H(ual to three times ilu vtfiickness of f4n‘'Nvire giv^i in the table, 
'rile jirojectmg end of the wir»‘ is then t<f»l^ bent at rij^ht angles to be tixisl* 
part, first to oiu' sabs th^n to tlu' of Tmr. for a numlxu- of tiMU's till it breaks. 
Both samjih's must stand without breaking the niimV(''iof bends sjieciHed 
in tests on swaged wires, each through IHf)' 'I’lie first bend through 1)0‘' 
is not counted • 

• 

Specification for Swaged Wires. Air Board Specification 
W. 8. » 


Sr.e. 

Thread. 

i ,1/cu. 

. J 

! Strength. 



Bgnare Ineh. 

1 Ban mis. 

4 B A. 

4 B A. 

()-0()S5 

. 1050 

2 BA. 

2 Ji A 

i (H)I2<) 

1000 

jin. B8.h. 

\ in. B S.K 

()-0230 

3450 

in. B.S.F. 

in. B.S.K 

()()337 

4650 

in. B S V. 

A. 111. B S.F. 

I ()-()31)0 

5700 

^iii.BS.K : 

1 in. B.S.F. 

1 0-05fK) 

8500 

in. B S.K 

in. B.S.F 

1 ()-0835 

1 1,800 

\ in. B.S.F. 1 

i m. B.S. F. 

01 120 

1.5,500 


1 

Mechanical Tests. — The following tests are to be carried out: 

(а) Tensile Test — A sample is to be cut from every coil, and when tested 
in tension must give the following results: 

For wire rods of si/.es from 4 BA Ult. stress not less than 65 tons per 
to inch inclusive. square inch, or more than 65 tons 

per square inch. 

For wire rods ct si^es Jrom f inch Ult. stress not less than 52 tons per 
to \ inch inclusive.* square inch, or more than 62 tons per 

square inch. 

(б) Bending Test . — A sample is to be cut from every coil and subjected to 

the following bending tost: ^ * 

The sample is to fixed in a vice, or between dies, of which the inner edges 
are rounde4 to a radius equal to three times the diameter of the wire. The 



71« Amd^AraAND AUTOMOBILE Mj^EEIALS 

projecting end is then to be b^ni^at right angles to the fixed part, and is then 
to be bent iiawkwards %,nd forwards through an angle of 180° till it break*. 
The wire r^ist stand without breaking the following nuUfhber of bends 
through 160r«(tho first besd thrdugh 90° is not counted): 


For wires of sizes — ^ 

• 

4 BA and 2 BA . . 

• 

. . Minimum number of bends, 6. 

i in.* .,‘*3 in., yid t'^r. in.' . •.* 

*,. *• „ „ 5. 

H in., ^ in , and .H* in. J. . 

• * „ 4. 

iV in. and upwards 

3. 

• #* • 

Specification' left* Elexihle 

Steel Wire Rope.— Air Board 


* ^ * Specii^^tioiT 2 W. 2^ 


Item. 

* Schedule 

• • 

• • 

Extra Flexible 

Minimum ,, 

Jirmhmi 

Strength. | 

• 

Roi*e.s. 

Construction. 

Weight oL 
100 Feet. 


Cwt. 

* I rich. 


Pounds. 

0 

5 

0-075 

4x7 

1-0 

1 

10 

0-115 

4x 19 

2-0 

2 

15 

0-137 


3-2 

3 

20 

0-150 

7x 19 

3-8 

51 

25 

0-168 

7x 19 

5-0 

52 

35 

0-195 


6-4 

53 

: 45 

0-228 


9-0 

54 

60 

0-262 


11-7 

55 

70 

0-270 

! ” 

12-4 

50 

! 80 

0-305 


15-1 

57 

100 

0-349 

i 1 

19-6 

58 

120 

0-378 

7x27 

22-5 

59 

140 

0-388 


25-5 

60 

160 

0-418 

7xJ7 

28-9 


Standard Straining Cords. 


41 

10 

0-085 

1x19 

1-6 

42 

15 

0-105 

>> 

2-3 

43 

20 

0-125 

»» 

3-4 

44 

26 

0-143 


4-3 

46 

36 

0-161 

1x37 

6-5 

46 

46 

0-189 

yy* 1 

7-5 

47 

60 

0-210 

,, • * 

, 9-3 

48 

76 

0-238 

»> * * 

• 11-9 

49 

90 

0-269 

,, 

14-1 



• 

• 



Tests on WireB.-^The following^tests are to be carried out: 

(a) Tensile Strength . — A samp}^ from each coil of \*tre is to be tested in 
tension. The ultimate tensile strength must be not more than 136 tons per 
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square inch, and not less than a value to specified by the nianufjicturer 
of the wire rope. ^ • « » , ^ 

(6) Torsion %j^t . — A sample from each cojl of wire i^' to be tested in torsion. 
The wire Is to bo Wisted in a torsion maclfine unti]it breakf. dlftjaust stand 
before breaking a number of turas not less tliaii the nuMibor given by the 
formula • * ' * 

Number of turns ^27#. pei: length of IWOti for all wyes up ty and in- 
cluding 0 018 inch (^lametor 
Numbt^ of turns - 20 per leiigtli of lOOd for larger wires. 

Where d = the ^iameter of the wire ii^ inches 
(c) All \j'iros showing a tendency to iTittleness are*^(li!)e rejectwl 
Tests on Ropes. — The following t^^.s on tlic'rojho »re to be'barritxl out: ' 
{a) A Tensile Test is t^i bo made on a sa.Tiple cut froai eaijli piece of rope * 
nd must give at least tlie speeiliifl luvaking load Tlie length of tlio 
implo tested is to b(* n(5^ less than sik tunes tlip ciriutm^yrence of ih(!t rope, 
ud in no case less than 15 inches in the ch'ar between the points of 
jcurity The load is to bo gradually applied till the sayiple IfTcaks. , 
(b) (Should the tost piece.s fail to reacli the specifiod load, the rojie repre- 
mied by the test piece is to In; reji'cted. Should, however, any wire break 
eforo 50 per cent of the Hpeci(ied load has boon applied, a re-test may bo 
ikon No further re-test will bo allowed, %nd should the re-test fail at any 
)ad loss than that specilied the rope represented by the test piece will bo 
rejected 

(r) A Bending TvM is to ho mad('- on a sample cut from each piece of rope. 
Each sample must be bent once round its own ji.irt and straightened again 
at least twenty times in succession without any ot the wires breaking or the 
rope opening up. 
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SOCIETY OF AUTOMOTIVE ENOINEEES’ SPECIFICA- 
TIONS FOE CAEBON AND ALLOY STEELS AND HEAT 
TEEATMENTS 


TABLE 

1. Society of Automotive Encineehs (S A E.) Steel Speci- 

FK'ATIONS 

II. S A.E. Steel Specifklvtions 

III. Si'ECIFiCATIONS OF HEAT TREATMENTS FOR S A.E. Sl'EELS. 
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SOCIETY. OF AUTOMOiaVE EN(llNEERS‘' SPECIFICA- 
TIONS FOR CARBON AND ALLOY STEI^LS AND HEAT 
TREATJtfENTS . 

♦ • * • • ft »• 

Table I. — Society Automotin^’ .E f^G^i^i?ERSo(S.A.E.) 

SiTEEL SpiS^IFI^^TION^. ^ ’ 


, Specificatior 
Number. 

Carbon 1 
per Cent. 

Manga- 

nese 

per Cent. 

<50 

a ^ 

to 

o ^ 

1 Sulphur* 
i per Cent. 

1 

' Nickel ' 
per Cent. 

\jhromiiim 
per Cent. 

Vanadium] 
per Cent. 

1010 

0*05-0-16 

0-30-0-60 0-045 

1 0-05 



1 — ; 

— 

1020 , 

0- 15-0-25 

0-30-0-60 

0-045 

1 0-05 

— 

— 

— 

1025 

0-20-0-30 : 

0-50-0-80 

0-045 

1 o-o.':'/ 

— 

— 

— 

1035 

0-30-0-40 

0-50-0-80 

0-045 

, 0-05 

, 



1045 

0-40-0-50 

0-50-0-80 

0-045 

0-0.5 

' — 

— 

— 

1095 i 

0-90-1-05 

0-25-0-50 

0-04 

! 0-05 

— 

1 

— 

+ 1114 

0-08-0-20 0-30-0-80! 

Nickel ani 

0-12 0-06 0-12 — 

3 Nickel Chrome Steels. 



2315 

0-10 0-20 

0-50 0-801 

0-04 : 

0-05 

1 3-25-3-75 1 

j — 

— 

2320 ! 

0-15-0-25 

0-50-0-80 

0-04 1 

0-045 

3-25 -3-75 ! 

— 

— 

2330 ! 

0-25-4)-35 

0-50-0-80 

0-04 

0-045 

3-25 -3-75! 

— 

— 

2335 ! 

0-30-0-40 

0-50-0-80 1 

0-04 

1 0-045 

3-25-3-75 

— 

— 

2340 i 

0-35-0-45 

0-50-0-80 

0-04 

0-045 

3-25-3-75 ! 

— 

— 

2345 

0-40-0-50 

0-50-0-80 

0-04 

0-045 

3-25 -3*75 

— 

— 

3120 

0-15-0-25 

0-50-0-80 

0-04 

0-045 

l-(K)-l-50 

0-45 0-75 

-- 

3125 

0-20-0-30 

0-50-0-80 ' 

0-04 

0-045 

l-(X)-l-50 

0-45-0-75 

• — 

3130 ! 

0-25-0-35 

0-50-0-80 

0-04 

0-045 

1-00-1-50 

0-45-0-76 

— 

3135 

0-30-0-40 

0-50-0-80 

0-04 

! 0-045 

1-001-50 

0-45-0-76 

■ — 

3140 

0-35-0-45 

0-60- 0-80 

0-04 

0-045 

1-001-50 

0-45-0*75 

— 

3220 

0-15- 0-25 

0-30-0-60 * 

0-04 

! 0-04 

; 1-50-2-00 

0*90-1*25 

— 

3230 

0-25-0-35 

0-30-0-60 

0-04 

1 0-04 

1-50-2-00 1 

0-90-1-26 

— 

3240 

0-35 0-45 

0-30-0-60 

0-04 

1 0-04 

: 1-50-2-00 1 

0*90-1-25 

— 

3250 

0-45-0-55 

0-30-0-60 

0-04 

0-04 

1-50-2-00 ! 

0*90-1-25 

— 

*3316 

0-10-0-20 

0-45-0*75 

0-04 

1 0-04 

2-75-3-26 

0-60-0-96 

— 

♦3335 

! 0-30-0-40 

0-45-0-75, 

0-04 

0-04 

2-75-3-2 > 

0-60-0*95 

— 

♦3350 

0-45-0*55 

0-^-75 

0-04 

; 0-04 

2-76-3-25 

0-60-0-95 

— 

3320 

0.15-0^5. 

0^5-0*35 

LO-30-0-60 0-04 

1 0-04 

3-25-3*75 

, 1-25-1*75 

1 — 

3330 

O-iO-0-60 

,0-04 

, 0-04 

3-25-3*75 1-25-1*76 

1 — 

3340 

0-35-0*45 

0-30-0-60 

• 

0-04 

« 

; 0-04 

» 

1 3*25-3*76 

1*26-1*76 

! - 


♦ Not to exceed. , • t Not 4 e 83 than. 

J Screw stock; the amount of sulphur^ this case is to be between the 
limits given. * •• 
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• , * • • 

Society, of Automotive Engineers (S.A.E.) Steel 

‘ « .SPECnFICATJONS— 


Chrome Steels. 

. • 


■i ^ 

il 1 Car,^ \ 

■- s ,per 
^ \ ' 1 

♦ 

eo 

1 ^ 

Svl'phur* ' N ickd 
per Cent, ^er Cent. 

• 

* 

Chramiifm 
per Cent. 

•S 

6120 

1 0*1 5- 0-25 1 

0-04 

0-046 — 

0-65-0-85 

„ 

6140 

0-35-0-45 ^ 

0-04 

0-046 1 

0i65-0-85 

— 

6166 

0-60-0-7(^i - : 

0-04 

' i)-045 — 

0-65-Q-86 

, — 

5195 

0-90-1-05] <^20-4>-4*5 

#-of 

0-03 i — 

0-90-1-10 

— . 

51120 

M(IVl-30 0-2j0-^-45 

0-03 

•0-03 i — 

0-90-1-10 

— 

5295 

0-90-d-05 !«0-20-0-45 

(pm 

0-03 ! • — 

1-10-1-30 

— 

52120 

M0-1.-30 0-20-0-45;0-03 1 • 0-03 — j 

• € * 

• • VANADiUM Steels. 

1-10-1-30 


6120 

0-16-0-25 0-50-0-80 

0-04 

0-04 — 

0-80-1-101 

0-15 

6125 

0-20-0-30^0-50-0-80 

0-04 ' 

0-04 — 

0-80-1-10 

0-15 

6130 ! 

0-25-0-35 0-50-0-80, 

0-04 . 

0-04 — 

0-80-1-10! 

0-15 

6135 j 

0-30-0-40 : 0-50-0-80 ; 

0-04 ' 

0-04 — 

0-80-1-10 

0-*l5 

6140 1 

0-35-0-45 ! 0-50-0-80 0-04 

0-04 — 

0-80-1-10 

0-15 

6145 1 

0-40-0-60 i 0-50-0-80 , 

0^04 i 

0-04 — 

0-80-1-10 

0-15 

6150 

0-45-0-55 0-50-0-80 i 

0-04 

0-04 

0-80-1-10 

0-15 

6195 

0-90-1-05 0-20-0-45,0-03 1 0-03 — 

Silico-Manganese Steels. 

0-80 1-10 i 

0-16 

9250 

0-45-0-55 1 0-60-0-80 1 

0-045: 

0-045 1 1-80-2-10 per cent. Silicon. 

9260 

0-55-0-65 0-50-0-70 1 

1 

0-045 

0-045 ! 1-60-1-80 


” 


Table 11. — S.A.E. Steel SrECiFiCATiONs. 

List of Heat Treatments. 

A. — After forging or machining carborize at between 1600° to 1750° F. 

(1650° to 1700° F. desired), cool slowly, or quench, reheat to 1450° 
to 1600° F., and quench. • 

B. — After forging or machining carbonize at betweer 1600° and 1700° F. 

(1650° to 1700° F. desired), cool slowly in the carbonizing medium, 
reheat to 1550° to 1625° F., quench, reheat to 1400° to 1450° F., 
quench, draw in hot oil at from 300° to 450° F., depending upon the 
liardness desired. 

D. — After forging or machining heat to 1600° to 1600° F.^ quench, reheat 
to 1460° to 1500° F., quench, reheat* to 600° ton 1200° F^, and cool 
slowly. * 


* Not to exceed. * t Not Ifcss than . 

X Two types of steel jbre available in this class — viz., one with manganese 
0*26 to 0*60 per cent., and silicqp. not over 0*‘20i^)er cent.; the other with 
manganese 0*60 to 0*80 per cent., and silicon 0'15 tci^0*50 per cent. 
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E. — After forging qr machining heat to 1^00° to 1550° F., oo^ slowly, 

reheat to 1450° % 1500° F., qudhch, an^ reh^t to 600°,^ 12(k)° F., 
* and co«J|^lowly. , ‘ ^ . 

F. — After shaping or coiling heat to 1425° tt) 147ir*F., quench ^i*oil, reheat 

to 400° to 900° F., in accordance with degree <jf temper desired, and 
cotol slowly. 

G. — Carbonize at between* ti\pf)° and 1750°*F. (1650° to W00° F. ^le'^ired), 

cool slowly in the carboni^ng material^ reheat to ^>00° to 1550° F. 
and quench, reheat to 1300° to 1400° F., qiio ich, reheat to 250° to 
500° F. (in accordance with the necessities of Iho case), and cool 
slowly. * 

H. — After forging or machining heatj.o 1500*^ t(> iT^^O* F., quench, reheat to 

600° to 1200° F., wid cool slowly. • * 

K. — After forging or maghining heat to 1500° to 155^° F. •quench, reheat 

to 1300° to 1400° F., quench, reheat to #00° to 1#00’ F., and cool 
slowly. , 

L. — After forging or machining carbonize at a tomporafUro between 1000°* 

^ and 1750° F. (1050° to 17(X)° F. desired), cool slowly in the carboniz- 
ing mixture, reheat to 1400° to 1500° F., quench, reheat to 1300° 
to 1400° F., quench, reheat to 250° Ig) 3(K)° F., and cool slowly. 

M. — After forging or machining heat to 1450° to 1500° F., quench, reheat 

t ) 500° to 1250° F., and uxd slowly. 

P. — After forging or machining heat to 1450° to 1500° F., quench, reheat to 

1375^ to 1450° F., quench, reheat to 500° to 1250° F., and cool 
slowly. 

Q. — After forging heat to 1475° to 1525° F., hold at this temperature one 

half-hour to ensure thorough heating, cool slowly, reheat to 1375° 
to 1425° F., quench, reheat to 2.50° to 5.50° and cool slowly. 

R. — After forging heat to 1500° to 1550° F., quenc,h i-i oil, reheat to 1200° 

to 1300° F., hold at this toiiqierature for three hours, cool slowly, 
machine, heat to 1350° to 14.50° F., quench in oil, reheat to 2.50° 
to 500° F., and Obol slowly. ^ 

S. — After forging or machining carbonize at a temperature between 1000° 

and 1750° F. (1650° to 1700° F, desired), cool slowly in the carboniz- 
ing mixture, reheat to 1650° to 1750° F., quench, reheat to 1475° 
to 1650° F., quench, reheat to 250° to ."60° F., and cool slowly. 

I. — After forging or machinuig heat to 1060° to 1750° F., quench, reheat to 

500° to 13W° F.,^and cool slowly. 

IJ. — After <^rging ht>at to 1621f’ to 1600° F., hold at this temperature for 
half an htur, cool slowly, reheat to 1660° to 1700° F., quench, reheat 
to 360° to 560° F., and cool sltwly. 

V. — After forging or machining heat to 1650° to HSOi* F., quench, reheat to 
400° to 1200° F., and cool slowly. 
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TABLti III.— Sp^ 1CIIICA¥TOTV» OF HEAT^TBt.ATMENTS FOB 

. S.A.E. Steees. 


specification No. 


1020 
1025 
1036 
1045 
1095 
2316 
2320 
2330 , 

2336 
2340 
3120 
3125 
3130 " 
3135 
3140 
3220 
3230 
3240 
3250 
3316 


Heat Treatmevls. 


A, B, a 

idH 

B 

„ H 

D, E 

„ H 

E 

„ H 

F 


- G 

, ' 

Gj'vl 

„* K 

H 


H 

„ K 

H 

„ K 

G, H 

M E 

H, D 

„ E 

H,P 

„ E 

H, D 

„ E 

H, D 

„ E 

G,H 

„ K 

H 

,» I> 

H 

„ 'E 

M 

„ Q 

G 

„ M 


j] Specification No. 


3336 

3360 

3320 

3330 

3?^0 

6120 

6140 

6196 

51.120 
6296 

52.120 
6120 
6126 
6130 , 
6135 
6140 
6145 
6160 
9250 
9260 


Beat Treatments. 


P and R 

„ R 
L 

P and R 
P „ R 
^ B 

H and D 

P „ R 
P „ R 
P „ R 
P „ R 
S „ T 
T 
T 
T 
T 

T and U 
U 

V 

V 
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Absolute harclftoss, 144 
Accolorating forces, in models and 
machines, 4* • 

Accles anft Pollock, 411, 4*20, 42^, 
428, 429 • 

Acetylene, G07, (508, OOf#, 010 (53 1 
Acid open hearth stool, 317, 318, 484, < 
443 • 

Admiralty specification for mallo- 
able iron, 312 

Admiralty tost for cast iron, 304 
Aeroplane parts, protootioo of, 050, 
§00, 001 

Aeroplanes, stresses in, 4, 5, 45, 
136, 137, 138 

Aeroplane wing spars, 45, 46, 138, 
240 

Air hardening steel, 85, 86, 134, 208, 
279, 280, 281, 346, 370, 371, 372, 
387 

Aircraft engine steels, 391, 392, 393, 
394, 395 

Aircraft steels, comjiositions, etc., 
342-389, 390, 391, 393, 394, 395 
Aircraft steel tubing, 427, 428, 429, 
430, 431 

Airship cables, 457, 458, 459 
Allen Edgar, 347, 357 
Allotropic forms of iron, 204, 20', 
206, 267, 277 

Alloy steels. See Steels, and 343- 
395 • 

Alloy steels, manufacture of, 358, 
359 

Alloy steel sheets, 398, 399, 400, 
404, 405, 406 

Alloy steel specifications. See En- 
gineering and International Stan- 
dards 

Alloy steel tubes, 417, 418, 421, 422, 
423 i • 

Alloy steei wires, 4S9 • 

Alloy welding ^roceises, 597, 598, 
599 

Alloys, hardness of, 1^2, 155 • 

Alloys, melting points of, 273, 509, 
510, 561 

Alternating stresses- 119-128, 134, 
135, 136, 137, 139, 140, 141 


Aluminium, 9, ^10, 84. 90, 303, 477, 
(5(51 

Alummuim bronze, 11, 12, 62, 90 
IMuiiiiniiwn citing of metals, 654,^ 

055 * • • • ^ 

Alwminium coji|)or sjieets, 633,. 634 * 

Aluminium, effect i^ cast iron, 303 
Aluminium, iffot<bction of, 6(51 
Aluuunmm, wolchng of, 027, 628, 
(529 

Amber, 042, 043 * 

American material specifications, 
312, ,331, 338, 339. See also 
International Standard Siiecifica- 
tions 

Aiifferican stamlard impact tests, 
139, 140 

Anglo of shear, 100, 101, 104, 105, 
100 

Angle of twist, 53, .54, 11', 118 
Annealing furnaces, 533, 538 
Annealing of cast iron, 495 
Annealing of iron, 203, 294, 492, 493 
Annealing of stool, 94, 05, 107, 377, 
399, 491-496 

Annealing of stool castings, 337, 338, 
493 

Annealing of steel tubing, 413, 414 
Annealing of tool steels, 334, 335, 
493, 494, 495 

Annealingtprocesses, 492, 493, 494, 
495, 496 

Annoalirf^ temperatures, 494, 495 
Apparent stress, 80, 81 
Ar points, 263, 266, 267, 268, 269, 
274, 275, 276, 277, 490, 497, 498 
Armour-piercing bullets, 408 
Armour plates, 496. See also 
Bullet-proof plates 
Arrest points. See Ar points. 
Asphaltum, 641, 644 
Austenite, 262, 263, 265, 276 
Autographic apparatus, 68, 173, 188, 
184, 185, 201, 210, 216, 217 
Automobile 40-ton steel, 332 
Automobil^cylinder dim‘'n8ion8, 132 
A\jtomobile ferrous materials for 
parts, 393, 394 

AiR^mobile parts, hardness of, 168 
725 
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Automobile steels, actual composi- 
tion^ ofc 390, 391, 392, 70 A * f 
Automobile!' steels, applications of 
393, 394, 395 

Automobile Jteelf, hardness of, I5i 
Automobile stresses, 129 
Avery, 182, 183, 231, 232, 233 '. , 

Axle steel, 73, 74, 91, 121, 122, 124, 

139 

Bach, lib ^ 

Back-pressure valve, 614 
Bailey testing maebines, 175, 201, 
202, 203, 204, 205, 206, 209, 230, 
237, 238 rn ^ 

Ball-bearing steels, 34o, 380, 39S 
Ball-bearing foists of, 38ff, 393 
'Baths, tempering. ^I-^ee Tem])ei''m‘b 
baths r 

Barrels, welding of? 6u4, 605, 006 
Bas-relief polishin/', 253 ^ 

Basic steel, 315, 316, 317 
Baumann, 28.') , 

Bauschinger, 107, 167, 180, 187, 322 
Beams, |-, 42, 43, 44, 45, 46, 241, 
242 

Beams, deflection of, 48, 49, ,50, (^1 
Beams, economical sections of, 36, 
37, 46 

Beams, failure of, 109, 110, 111, 139, 

140 

Beams, impact tests, 139, 140 
Beams, properties of, 25, 26 
Beams, shajie of bent, 51, .52, 114, 
115 


Blowpipes for gas welding, etc., 610, 
630 

Bontempi pfocess, 654-0 
Borrodizing process, tlftO 
Bowden cable, 450, 451, 453 
Bower-Barff process, 652, 653 
Bowranite paint, 64;8,^49 
Box-annealing, 493 
Boynton,r264 

• Bra-sA, M, f6, 73, 74, 84, 90, 99, 111 
BtiJmSs, corrosion of, 658,^59 
Brass lacquers, 640 , 

I Brass tubes, tests of, 113 
r Brazing tu’ocosscs, rfjOl, 592, 593, 
.594 f 

I Brazing of steel tubes, 426 
j jireaking stress. Sec Ultimate 
1 ^ strength 
I Brewster, 2^4 
1 Brickwork, 136 
' Bridges, 3, 1.3.5, 240, 241 
Bright-drawn steel bar, 324, 325 
Brinell, 144, 146, 148, 149, 150, 151, 

I 1,52, 2.35, 236 

I British standard form of test piedes, 

, 74, 75, 76, 141, 142 

I British standard tensile test de- 
finitions, 70 

Brittle materials, failure of, 100, 104, 

I 105 

; Brittleness of metals, 67 
' Bronzes. Sec Aluminium bronze, 
and Phosphor 1 ronze 
I Browning of iron and steel, 639, 640 
' Brunton, 447, 448, 450, 454, 455, 


Beams, stresses in, 21, 22, 29, 30, 31, j 
32, 33, 109, no. 111, 119 
Beams, stresses in built-up, 43 i 
Beardmore, 408 

Bearing metal, testing machines, | 
237, 2.38 i 

Bending impact tests, 1,39, 140, 141, l 
142 

Bending moments, 25, 26, 27, 28, 29, 
48, 57, 109, no 

Bending moments, equivalent, 57 
Bending stresses, 21, 22, 29, 30, 31, 
32 33 

Bending tests, 112, 113, 114, 115, 
116, 119, 168, 208, 209, 210, 211, 
241, 3.30, 338, 398, 400, 404, 406, 
420, 441, 443, 462 
Bernardo’s welding system, 596 
Bessemer steel, 118, 124, 315 
Bicycle-tubular frames, 425, 426, 
427 

Bismuth, 509, 561, 587, 588, 633 
Bituminous paints, etc.,< 641, 644, 
646 

Black-heart malleable iron, 312 « < 
Blister steel, 315, 316 


456, 469, 473 
Buckling of beams, 45 
Buckling of short columns, 102, 103 
Buckling of thin tubes, .59 
Buckton testing machines, 162, 16.1, 
164, 165, 166, 184, 185, 208, 230 
Bullet-proof steel plates, 397, 403, 
404, 405, 407, 408, 409 
Bullivant, 45(1, 454 
Bume s for oil fuel, 538-541 
Butt welding. Seo Welding, butt. 

Cable fastenings and ends, 181, 466- 
476 

Cable, stranded steel, 114 
Cables, aircraft, 452, 455, 456, 457 
Cables, bend tpsts of,^ 462 
Cables, flexible, 451, *453, 456, 457, 
459 ' , ■ ' . 

Cables, joints. See Joints in cables 
Qables, protection of, 661 
Cables, sockets for, 473-477 
Cables, specifications for, 459, 460, 
461 

Cables, splicerf^^ in. See Splices, 
cables 
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Cables, steel stranoiea, 40U-4/6 
Cables, strength of, 4^, 453^ 454, 

• 455, 456, ff7 

Cables, torsion tests of, 462 
Caldwell, 597, 601 
Callendar H.L, 579, 580, 581 
Cambridge Scientific Instrument 

• Company, 141, 193, 194, 195, 196, 

197, 222, 223, 224, 563*564, 565, 
569, 572, 573, 576, 577, .^8, t)79, ‘ 
580,581#, • 

Carbon arc wokling. See Welding, 
electric arc 

Carbon stool,® tempers, %r grades,* 

• 334, 335 ' 

Carbon steels, 82 115, 118, 249, 255- 

275, 314-342, 380 « 

Carbon steels, high. 8eo High car# 
bon steel • 

Carbon steels, low. See Low car- 
bon steel 

Carbon stools, mechanical proper- 
ties of, 321, 322 

Carbon steels, medium. See Medium 
carbon steel 

Carburizing. 800 Case-hardening 
Case-hardening mixtures, 513, 522, 
524, 525 

Case-hardening nickel-chrome steel, 

352, 353, 354, 355, 369, 370, 371 
Case-hardening nickel steel, 352, 

353, 358, 359, 360, 361 
Case-hardening of steels, 512-527 
Case-hardening processes, 512, 513, 

519,520 

Case-hardening steels, 82, 115, 116, 
117, 133, 268, 325-328, 346, 487, 
518, 522, 523 

Case-hardening structure, 514, 515 
Case-hardening, theory of, 513, 514 
Cast iron, 9, 11, 12, 13, 45, 60, 73, 
74, 80, 87, 88, 99, 101, 102, 136, 
250, 294-306 , 

Cast iron beams, 45, 108, 109, 110, 
111, 112, 139 

Cast iron, brazing and welding of, 
593, 594, 625, 626 
Cast iron compositions, 294, 296, 
299, 300, 301, 302 

Cast iron compressive stress, 60, 87, 
88, 89, 104, 303 
Cast iron, cortosion tf, 637 
Cast iroy, grey, 195, 296, 3tK), 303, 
304, 3(fe, 3(^, 30> 

Cast iron, in automobile work, 305, 
306, 307 • 

Cast iron in torsion, ^5, 117 
Cast iron, mechanical properties of, 
87, 88, 90, 99, 104, 109, 303, 304 
Cast iron, mottled? 295, 298, 299, 
300 


Cast iron, physical properties of, 
l 3t)4,*305 . • 

Cast iron, prptection’of, 638, J355, 
^ 666 * , 

Cast iron*fthoar stress, *81^, 108, 109, 
304 

Oast iron stress-strain relations, 87, 
88 

Casit iron, tensile stress, 88, 89, 90, 
99,;i03 { • 

Cast 5-on, white, 295, 298, 299, 300, 
304, 305, 306, 307 

Cast steel, li; 12, 16, 62, 63, 98, 
102, 118, 125, 145, 278, 316, 332- 
• 336 

(!a^ welT^ng. See Welding, cast • 
Ciu^ting stress^, 133* • 

Castings, automobifo, 300, 305, 306, 

307 # . • 

Castinfip, cast iron. See Cast iron 
Castings, malleable iron. See Iron, 
malleable • 

Castings, manj^anoso steel, 386, 387 
(Hastings, sand, 306, 307, 308 
Castings, shrinkage of, 305, 300, 311 
Castings, steel, 11, 82, 118, 336-342 
Custings, vanadium steel, 374, 375 
Cementation process, 315 
Cerncntite, 255, 250, 257, 258, 261, 
265, 277, 407, 498 

Charpy impact machine, 139, 220, 
221 222 

Chemical action, 132 
Chilled castings, 308, 309 
Chrome jiaints, 647 
Chrome steels, 281, 351, 352, 353, 
354, 373, 374, 377, 378, 379, 381, 
403, 485, 486, 499, 660, 661 
Chrome steels, hardness of, 381, 383, 
499, 500 

Chrome-vanadium steels. See 
Vanadium-chrome steels 
Chromium, effect on cast iron, 301 
Classification of alloy steels, 345, 
351, 352, 353-357 
Classification of carbon steels, 318 
Classification of cast irons, 295, 299 
Classification of sheet steels, 396, 397 
Cleveland steel wire, 444, 445 
Coach varnish, 643 
Coal-tar coatings, 656 
Coating of metals. See Metal coat- 
ing 

Cobaltchrom steel, 388, 389 
Coke-fired furnaces, 541, 542, 543' 
544 

Coker, 240-248 
Cold beniftests, 113, 114, 115 
Cold-shortness, 97, 290 
^(Mumns, short, 58 
I Combined stresses, 17, 33, 55, 56 
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Commercial pig irons, 209 I 

ComploK stresses, 17, 23. 33 « * it 
Con\po8itionS *of wcldecf joints and ! 

cores, 599„601, G02' 
Compound*m^tal sheets, 833 . i 

Compression strength of ijjckel 
steels, 365, 366 , • , , 

Compressive stress, 7, 68 i 

Compression tests, 86, 87, 102, 103, ; 

104, 193, 365, 3jf3 ■ '* 1 

Connecting-rod forgings, 485, ^86 j 
Connecting-rod steels, 345, 351, 352- I 
355, 361, 368, 370,^373, 375, 390- I 
395 ! 

Constitution of std^lv 255 et seq.,^ i 
r, 498, 507 p 

Ponsumptions of gas in wcfding, 611 
Coolidge tube, 254 ^ *■ * 

Cooling curves for steels, 266, 267, 
268, 273, 274, 275^ 276, 27J 
Cooling rate, effect Sn liardne^ss, 499, 
500, 501, 502 

Cijoling rate, effect oi> hardness, etc., 
282, 283 _ 

Copal varnishes, 642, 643 
Copper, 9, 11, 12, 62, 66, 70, 73, 74, 
79, 84, 86, 90, 98, 99, 103, 1(>1, 
121, 122, 272 

Copper, corrosion of, 657, 658, 659 
Copper, effect on cast iron, 303 
Copper-plating, 650, 660, 661 
Copper steel, 377 

Copper, strength of, at high tempera- 
tures, 98, 99 

Copper tubes, tests of, 113 
Copper wire, 478 
Copper, welding of, 627 
Copper-zinc alloys, 272, 273 j 

Cornell oil testing machine, 239 i 

Corrosion, 132, 136, 294 
Corrosion of iron and steel, 635-656 
Corrosion, theory of, 635, 636 
Coslettizing process, 649, 660 
Cowper-Coles process, 651, ()52 
Crank-shaft, flow structure in, 286 
Crank-shaft steels, 328, 332, 345, 
351, 352-355, 361, 368, 370, 373, 
375, 390, 391-395 | 

Crank-shaft, stresses in, 247, 248 j 

Creeping, in tension tests, 71, 91 1 

Crippling loads of struts, 58, 59, 60, ! 

61, 62, 63, 64, 65 1 

Crucible steel, 12, 118, 438, 452, 453, i 

454 ; 

Crushing stress, 58, 102, 103, 104, I 
393 j 

Crushing tests for steel tubes, 113, 
415, 416, 417, 419, 421,422 
Crystalline structure of metals, 106, 
107, 128, 141, 142, 301 
Cunningham, 124 


Curvature of beajns, 48, 49, 50 
Cutting rates of metals, 632 
Cylinders, aiifomobile,^0, 305, 306f 
307, 328-332, 346 , 

Cylinder, automobile, composition, 
300, 306, 307 

Cylinders, steel autgn^bile and air- 
craft, 328, 329, 330, 331,*332 - 

■ Dalby, 264 ' 

Da\iis furnaces, 528, 539^540, 541 
Daimler steels, 333, jUr, 342 
Dead loads, 132, 133, 134,135 
.Definitionj^ British e-tandard, 70, 
491* 4(J2' 496 t 

Deflection of beams, 48, 49, 50, 51 
l^elta metal ,^11, 84, 99, 114 
Delta metal, corrosior of, 637, 661 
Denison to|fsion testing machine, 
199, 200 

Denison wire testing machine, 206 
Depth of carbon layer in casc-harde i- 
ing, 515, 516, 517 
Dies, diamond, 439 
Dies for drop forging, 481, 486, 487, 
488, 489 

Dies for tube-drawing, 407, 411, 412, 
430 

Dies for wire-drawing, 436, 439 
Dragon’s blood, 642 
Drilled plates, strength of, 95, 96 
Drilled plates, stresses in, 243, 244, 
247 

Drop forging. See Forging, drop 
Drop forging steels, 483, 484, 485, 
486, 487 

Drop forging tests, 485, 486 
Duagraph welding machine, 625 
Ductile materials, failure of, 101, 102 
Ductility, 66, 67, 72, 80, 86, 87, 96, 
101 

Ductility of carbon steels, 322, 323 
Ductility of common metals, 674 
Duralumin, 84', 91 
Duralumin tubes, properties of, 678, 
679 

Eatonia process, 104 
Economical beam sections, 36, 37, 46 
Economical shafts, 53, 54 
Eden, 124 

Eden-Foster repeated ^ impact 
machine, 22^, 2^5, li26, 227 
Edwards, 0. A.,, 281, 284, m, 511 
Efliciency of wire and cable joints, 
464, 465, 466, 467, 477 
Elaatio coefficients of metals, 676 
Elastic constants, values, 10, 11, 12, 
13, 62 

Elastic limit, 8,0, 10, 35, 68, 69, 70, 
77, 82, 115,116, 117, 120, 133 
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Elastic materials *8 
Elastic modulus Aluos for materials,^ 
, 11 , 62 ,^ • • 
Elastic stra<#, work done in, ‘14, 15 
Elasticity, moilulus of, 10, 11 
Electric arc welding. See Welding, 
electric art 

^ElectrR; resislanco welding. See 
Welding, electric re.sis||p.nce 
Electrical properties of*mig.al!^ 202; 

^ 294, 3G(), 387 

ElectriS9l*^yromcters. ,See ]^y^o- 
inetors * 

Electrical sl^ct steels, 4()0, 410 
^EIectrolj|[tic action of m.»taR, (>40* 

^ f)50 ' 

Eloctrolytk* iron, 202, 203, 204, 4W 
Electrolytic theory of (*()rro.sion, 035, 

^ 030 ‘ * 

Elongation, in tensioff, 72, 73, 74, 
82, 83 

Emery testing machine, 100, 175 
Engine stresses, 120 
Engineering Standards CVimmittce’s 
• Specifications for case-hardening 
low caiboii steels, 320, for 
medium carbon steels, 320, for 
nickel case-hardening .steels. .‘Ibf); 
for nickel steels, 203; for nickel- 
chrome steels, 370, 371, 372 
Engineers’ beam tiieory, 34, 35, 30, 
100 

pjquilibrium cuivesfor iron, 270, 277 ! 
Equivalent bending and twisting | 
moments, 57 " 1 

Etching of steel, etc., 252, 253 i 

Eulerhs .strut formula, 00, 01, 02 
Eutectic, 272, 273 I 

Ewing, 100, 187, 180, 100, 101, 102, i 
193, 104 I 

Expansion coeflicients, 201, 3(>7, 3()8 ' 
Extra flexible cable, 452, 453, 457, 

, 450 

Extensometer, Bairtchinger’.s, 187, 

Extensometer, Cambridge, 194, 105 
Extensometer, Ewing’s, 189, 190, ' 
191, 192, 193, 194 
Extensometer, Unwin’s, 188, 189 
Extensometers foi compression, 103 ; 
Extensometers, principles of, 08, 186 


I Fairings for steel cables, 458, ^59 
Fair-Joads, 459 # . 

' Fatigue, ifO, 120, 128f 130, 131, 140, 
1 . 210, *211-228, 345, 340, 351* 352, 

I • .301, ^S2, 303, ft70, 424 

! Fatigue te.sting inacfiines, 211-228 
' Fornte, 250 258, 259, 201, 204, 205, 
! • 274, 275,^277, 293, 497, 408, 514, 
515, 510 

' FfiiTO-olirome, 0^15 . 

I Fento-raanganesi, 301, 310, 000 
I Ferrfi-silicon, 007 
' Kerro-tung.ston, 007 
Forro-zinemg, 051, 052 
^ Ferrous alh>^t005-008 
: F(Cy, ♦adiarWn pyrometer. Ugo 
I Fyroiffetbrs, radiiition 
|•PHon, 244 * . • 

! Firtb, Messrs., 3^4, 355, 377, 370, 
401, 402,^03 
IdauK* blowpi|f|i, 015, 010 
Flange stros.ses, 44, 45 
Flexible moOdlic tiflmig, 432, ^3, 
434, 435 ^ 

Flow of metals, (>7, 71, HO, 102, 103, 
104, 105, 481 

Flow .stiucture of metals, 285, 280, 
287, 288 

Fluxes for brazing, 502, 503, 504 
Fluxes for soldering, 587, 588, 580 
Fluxes for welding, 507, 508, 500. 

025, 020, 020 
k’ojq)!, 144 

Foiging, diop, 470, 481-480 
Forging, dro}), steels for. See Droji- 
forging steels 

Forging, effect upon structure, 480, 
481 

Forging funiaecs, 535, 530, 540, 541 
Foigmg, hand, 470 
Forging tempeiatures, 335 
Forniulao for repeated stresses, 125, 
126, 127 

Forty ton steel, 320, 330, 331, 332 
Foster impact machine, 225 
Foster pyrometer, 570, 571, 572 
Fracture, impact, 139 
Fracture, plane of, 17, 80, 100, 101, 
102, 103, 104, 105, 100, 141 
Fractures of alloy steels, 300, 361, 
302, 520 


Fabric testir^ machines, 101, 174, 
182, 231, 232, * 

Factors of safety , f31-138 
Factors of safety for shafts in tor- 
sion, 54, 55 • * 

Factors of safety, in aeroplanes, 4, 
136, 137, 138 

Failure of metals, ^ tests, 100, 101, 
102, 103, 104, 105, 106 


Frankolin purifier, 612 
Fremont impact machine, 218 
Frosca, 101 

Friction te.sting machine, 237, 238 • 

Front axle steel, 332, 333 
Fuels, cost of, consumptions, etc., 
552, 5fi3 

JFuols for furnaces, etc., 528, 629, g 
I 630, 631 

I Furnace atmosphere, 621 
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Furnace temperature, 668, 669, 576, Hardening of too^ steels, etc., 600, 
677, 678** • • ♦ 601, 503, 

Furnaces, eleifttic, 529 . Hardening processes, 502, 517,* 

Furnaces, electric^ hardening, 544. 519, 520, 521, 526,* oiv 

545 •• •. •• ‘ Hardening, theory of. See Theory 


Furnaces for non-ferrous metals, 
545-552 • • • 

Furnaces, gas- fired. See Gas-fired 
furnaces .. 

Furnaces f«r heat ti^atmont, 52^-553 
Furnaces, oil-fired. See Oiltfired 
furnaces 

Furnaces, tilting, 545, *546, 547, 548, 
549 

(ialvanized ste%l cables* 454, 

. 459, 460, 461, •162 ^ 

Galvaiiizing process, 6ol 
Gases, heating valhes o^ See Fuels 
Gas-fired furnaces, {^1-537 « 

Gauges, wire, 683, 689 
Gear blanks, 48i, 482 
Gear-wheel steels, 313, 362, 371, 
373, 374, 390, 391, 393, 394, 395 
Generators for acetylene, 612, 613, 
614, 615 

Gerber, 125 • 

Gesner process, 653, 654 
Glass, 11, 12, 13, 16 
Gordor formula for struts, 59, 63 
Gordon-Rankine, 60, 62, 63 
Graphite, 264, 295, 296, 297, 298, 
299, 300, 301 
Graphitic carbon, 297-301 
Greenwood and Batloy testing 
machines, 169, 170, 171, 175, 176 
Grips for brittle materials, 182 
Grips for cables and wires, 181, 466, 
473, 474, 475, 476 
Grips for fabrics, etc., 182 
Grips for plastic materials, 177, 178, 
179, 180 

Guillet, Dr., 285, 292, 351 
Gums, 641, 642, 643, 644 r 
Gun-metal, 11, 12, 84, 91, 99, 111 

Hackett, 411 
Hadfield, 279 
Hsematite, 308, 317 
Hard soldering. See Soldering, 
silver 

Hardening baths, 503, 504 
Hardening, due to shearing, etc., 95 
Hardening edge, 505 
Hardening, methods of heating for, 
500, 501 


Hardening of steel castings, 337, 338, 
496 ' 

® Hardening of steels, 496-527 * 

Hardening of tool steels, 332, 33<:^ 
335, 496 


of hardening ^ 

Hardness and carbon content, in 
steel, 145 • 

^arij^psa^iftyl tensile strength, 149, 

Har<*ness, effect of cooliric^rato on, 
499,500 I " 

Hardness, effect of initial cooling 
• temperaWiro on, 499f 500 
HaVdnessi effect of mass, 5&2, 503 • 
Hardness, effect of tempering on, 
507, 508 • 

Hardness of automobile steels, 151, 
329, 499 « 

Hardness of metals, 67, 68, 142, 143, 
144, 145, 146, 147, 148, 149, 150, 
151, 152, 153, 236, 282, 294, 674 
Hardness of steel constituents, 264, 
265 * 

Hardness scales, 143, 147 
Hardness tests, 142, 143, 146, 236, 
237 

Hatker, 292 
Harris indicator, 385 
Hartman, 105, 106 
Harvoyized steel, 496 
Hayward, 118 
Hatfield, 279, 379, 387 
Heat treatn^ent, effect on properties 
of chrome- vanadium steel, 349, 
354 

Heat treatment, effect on properties 
of high chrome steel, 354, 381 
Heat treatment furnaces. See 
Furnaces 

Heat treatment, effect on properties 
of manganese steels, 

Heat treatmenfv effect on properties 
of nickel-chrome steel, 347, 348, 
350, 354, 370 

Heat treatment, effect on properties 
of nickel steels, 360, 361, 363, 364, 
365 

Heat treatment, effect on properties 
of spring steels, 382, 383, 384 
Heat treatment, effect on properties 
of steel, 346,r347, 348, *349, 350, 
351 • • • 

Heat treatment shoat stdels, 399, 
405 

He«-t treatment of tool steels. See 
Hardening of lool steels 
Heating wlues of fuels, 529, 530, 
531 

Heat-testing, 25^ 

Heratol purifier, 612 
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Hick on leaa oyimaer tests, 87 
High carbon steel, 27^ 332, 333, 334^ 

» 335, 330?^26 

High carboi?' steel, welding of, 335, ^ 

• 626 ' 

High nickel stool, 280, 352, 366, 
367, 368 • . < 

#High nickel steel shoot, 401, 402 
High pressure gas we)^^ s^tem, 
610,611 ^ 

High iiiU( 4 )n s teel, 380, 382 • 

High-spoert^SW’cl, 352, 387, 388 
High-speed steel tool shanks, 503 

• High tensilo#iteels. Se^Alkjy steins 

• High tifisile steel s hoc t^ 400, 401, i 

402-400 ^ 

Hoblyn, J. B., 517 • 

Hodgkinson, 87, 88, 104, 105 « 

Hollow metal bars, 41^^), 432 
Hooke’s law, 8, 0, 10, 11, 35, 68, 60, 
73,100,241 

Horse-power of shafting, 54, 55 
Hydraulic testing machines, 160, 
161, 164, 167, 168 
flystercsis, 93 

I-beams, 38, 30, 42, 43, 44, 45, 110 
I -beams, shear stress in, 42, 43 
Iceland spar, 244, 245, 246 
Impact energy, 130 
Impact, stress due to, 128, 120, 130, 
131, 135, 136 

Impact testing machines, 138, 130, 
218, 219, 220, 221-228 
Impact tests, 77, 138, 130, 140, 141, 
412, 330 

Immersion thermometers. »Seo i'y- 
rometers, expansion 
Inoxydizing process, 655, 656 
Instantaneous stress, 131 
Invar steel, 367 

International aircraft standard, air- 
craft wires, 440, ‘^41, 442, 443, 444 
International aircraft standard, al- 
loy steel sheets, 404, 405, 40(5, 
407 

International aircraft standard, bend 
tests, 112, 113 

International aircraft standard, car- 
bon steel sheets, 398, 300, 400 
International aircraft standard, im- 
pact t^t nieces, J41, 142 
Internationa ^aircraft standard, 
specifications fgr strainers, fer- 
rules, and*thimbles. [See Appen- 
dix II.] • 

International aircraft standard, steel 
cables, 459-463 • 

International aircraft standard, steel 
tubing, 417, 4?8, 419, 421, 422, 
423 


International aircraft, standard 
♦stftels, ^7, 398, 39^, ^,*404, 405, 
406,.407 , • • 

International aijpraft standard, ten- 
* . silo t#St pieces, 76»^5^78, 79 
Iron, 12, 13, U, 79, 80, 124 
Jrxm, «. 264, 276, 277 
Iron, /I, 264, 276, 277 
Ifpn, y, 264, 276, 277 
Iron, (fast. Se^ Cast ir#n 
Iro^, chemical composition of, 290, 
203 

Iron, cooling* curves, 266, 267, 268, 
274, 275, 276, 277 

Iron, com[:^^ve strength of, 82, 83, 
• 201 •_ . • • 

Hon, corrosion of, *636, 637, 638 « 

’ Hon, effect m impurities ii^^iOS 
Iron, elect^)lvtu*, 202, 203, 204 
Iron,^ialloabl^, 250, 205, 308-313 
Iron, malleable, welding of, 626 
Iron, mechanical properties of, 290 
Hon, ing, 294, 205, 209 • 

Hon, physical properties of, 291, 292 
Hon, protection of, 638-656 
lion, shearing strength of, 108, 291 
dron, tensile strength of, 82, 83, 200, 
291 

Iron, torsional strength, 117, 118, 
201 

Iron, wrought, 1 1, 12, 13, 16, 124, 
136, 250,'280, 200, 201, 202 
Izod, 108, 130, 141, 143, 180,219,220 
Tzod impact machine, 219, 220 
Izod test results, 143 

Johnson, 144 

doming of metals by compression, 
632, 633 

Joints, ilexiblo tubing, 434, 435 
Joints, round steel wire, 463, 464. 
465, 466 

Jonas, Sir Joseph, Colvor and Co., 
384 

Joints, steel cable, 466, 467, 468, 469, 
470, 471, 472-476 

Joints, streamline wire, 447, 448, 
449 

Joints, types of welded, 6(X), 617, 
618, 691 

Kjellberg welding process, 598 
Krupp’s axle steel, 122, 124 

Lacquers, 638, 639, 640, 641 
Lateral contraction of metals, 11,13, 
102 

Latoral^xpansior of metals, 102, 103 
Launhardt-Weybauch formula, 126| 
•♦127,135 

Laws of comparison, model tests, 3 
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Lead, ll, 73, 86, 87; 633 ; Manometric type testing machines, 

Lead-aniiimfiiy allojrs, 510 # ♦ ■ 161, 173, 174 • 

Lead coating #imetal8, 6!>4 I 'Manufacture 9f steel l^ihing, 409, « 

Lead-tin alloys, 609, 688, 689 *. I 410, '411, 412, 413, .444, 417, 418, 
Lead-tin bismuth alloys, 50©^ 661 . • i 430 ’ , 

Lead-tin sofioification curves. 27i, I Martensite, 260, 261, 262, 266, 276 


272 • ^ ^ 

Least moments of inertia* 59, 61, 62,* 
63, 64 

Least radii^of gyral^on, 59, 61, 62, 
63, 64 • • 

Lebasteur, 335 * 

Leeds-Northrup pyrometer, 5§2 
Limiting sizes of structures and 
machines, 3 

Liners for steel tubes, 4^, ^426, 
*427 • • 

Linseed oil, 638, 642, (M3, 644, 64.'^ 
646, 647 , 

Live loads, 128, 135, 436* 

Local annealing of stiel, 496 • 

Local hardening duo to punching, 
o|* shearing, 9o ^ 

Local hardening of steel, 504, 505, 
626, 627 
Low, A. R., 244 

Low carbon steels, 321-328, 517 ^ 

Low nickel stool sheet, 401 
Low niokpl steels, 359, 361, 362, 363, 
364 

Low pressure gas welding system, 
608, 610 

Low temperatures, effect on metals, 
97, 98 

Luder’s lines, 105, 106, 107 
Lugs for steel tubes, 424, 425, 426, 
427 

Magnet steels, 278, 281, 387, 388 
Magnetic condition in steel, 266, 267, 
268, 269, 276, 277, 278, 279, 280, 

■ 281,385,387 

Magnetic oxide of iron, 638, 646 
Magnetic stools, 278, 279, 28(h 281, 
353, 386, 387 * 

Malleable cast iron. See Iron, mal- 
Icfibbl© 

Malleability, 66, 67, 674 
Manganese, 298, 296, 299, 301, 311, 
318, 320, 334, 337, 362-356, 384, 
386, 399, 405, 407 
Manganese bronze, 84 
Mangauoso bronze corrosion, 638 
Manganese, effect on carbon steel, 
318,319,320,334,621 
Manganese, effect on cast iron, 301 
Manganese, effect on iron, 289, 621 
Manganese steels, 268, 269, ^78, 279, 

. 280, 281, 362, 363, 354, 384, 385, 
386,387 

Manganese sheet steel, 407 


276, 277, 279, 437, 438, 497, 498 
“Mass effect” in heat treatment, 
358, 602,^03 
Mausl^bj^ilef, 408 
Medium carbon steel, 328, 329, 330, 
331,332 

Molting points of met^s and alloys, 
273, 509,610, 555, 5Cg , 588 
Mekal doalw ig processes, 64^1-660 , 

Metal euttfng by oxy-acetylene, 629, 
<(130, 631, 632 

Motal-joining^irocesses, 684-634 
Metals, hardness of, 152, 155 
Methods of voiding. See Welding 
processes 

Micro-structure of cast irons, 206, 
297, 298, 306, 307 
Micro-structure of iron, 256, 293 
Microscopic examination of metalsf 
106, 107, 250-288, 296, 297, 298, 
306, 307, 324, 333, 341, 369, 378, 
436, 437,480, 481,514,515 
Micro-structure of steels, 257, 258, 
259, 261, 262, 263, 280, 281, 324, 
333, 341, 369, 378 
Middleberg, 144 

Mild steel, 8, 68, 69, 74, 79, 80, 81, 
82, 83, 89, 91, 103, 108, 109, 111, 
120, 121, 123, 126, 133, 143, 314- 
332, 518 

Mild steel plates, 396, 397, 398, 399, 
400 

Mild steel tubes, strength of, 414, 
.415, 416 

Mild vanadium steel. See Vana- 
dium steel 

Minerals, hardness of, 143 
Mitis castings, 3t3, 314 
Modulus, bulk or volume, 12, 13 
Modulus of elasticity, 10, 11, 13, 35, 
291, 303, 322, 323, 324 
Modulus of rigidity, 12, 13, 291, 303, 
324 

Modulus of rupture, 110, 111 
Modulus strength, 36, 37, 38, 39, 40 
Moh’s hardness scale, 143 
Molybdenum, 388, 668 I 
Moment, Ibendirg, 25, 26, 27»^8, 29, 
30, 31, 32, 33, 5ft, 35, S6 
Moment of inertia, 36, 37, 38, 39, 40 
Moiftent of inertia, least, 69, 60, 61, 
62 

Moment of resistance, 34, 36 
Mono meter fumaq^s, 645, 546, 647, 
648, 661 
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Morin, hardness lest, 146, 153 
Mottled cast iroil See Cast iron 
, Muntz 84 • • 

Mushet 8te\S 387, 388 
^usic wire. A See Wire, musio, or 
piano 

Natiofl,al Physical Laboratory, 196, 

» 211 , 212 , 222 

National Physical tes^s 

on welded joints, 619, (j50,€21 j 
Nava’ '‘;^sis.^84 • 

Navier’s theuvy, 101, 106 
Neutral axis, in beam sections, 32, 
33, 34, 36^50, 51, lOlk . 

• Nickel foating of metalsC650, C.65 • 

Nickel -chrome case-hardening steel, 
143, 352, 353, 354, 370, 371 

Nickel-chrome sheet steels. See 
Alloy sheet steels o 
Nickel-chrome steel, 14, 82, 83, 85, 
86, 114, 118, 133, 143, 279, 347, 
348, 349, 350, 351, 352-357, 368- 
372, 405, 407, 408, 484 
J^^ickei-chrom 0 steel tubes. See 
Alloy steel tubes. 

Nickel, effect on steel, 282, 283, 284, 
521, 522 

Nickel steel, 82, 115, 118, 133, 268, 
278, 283, 401, 402, 403, 404. 405, 
484, 485, 522, 523 
Nickel steel, corrosion of, 637 
Nickel-steel plates, 401, 402, 403, 
405, 407 

Nickel-steel wire, 441 
Nickel steels, case-hardening, 115, 
117, 133, 346, 351-355, 358, 359, 
360, 522, 523 

Nickel steels, metallography of, 282, 

283, 284 

Nickel-vanadium steels. See Vana- 
dium-nickel steels 
Non-corrodible steel. See High 
nickel steel and^chrorae steel 
Non-flexiblo steel cable, 451, 455 
Non-magnetic steel, 279, 280, 283, 

284, 352, 353, 354, 366, 367, 368, 
384, 385, 386, 401, 402 

Normalizing, effect upon strength, 
490, 491 

Normalizing process, 489, 490, 491, 
492 

Notched^baj tests*140, 141, 142 

Oil-fir«d furnaces, 538, 53^, 540 
Oil-hardenAg stell, 134 
Oil testing machines, 237, 238 
Oils, fuel, 530, 65a» 553 • 

Olsen testing machines. 160, 209, 
215, 239 

Olsen transverse? testing machine, 
209, 210 ‘ 


Optical pyrometers. See ’ Pyro- 
♦m^ters, optical • j , 

Optical • stress .‘^determination 
meibhods,*244, 245, 246, 247*, 248 

•Osmond* 253, 2«, 515 
(Jveralnactor of saf^f,*139 
Overstrain, 92^ 93 

•OXy-acetyffine metal cutting, 629- 
631 

Oxy-acetylene .welding^ 607, 608- 
(^8 • 

Ox^-bonz welding, 607 
Oxy-coal-gas. welding, 607 
Oxy-hydrogen welding, 607, 608 
Oxygraph w^d^g machine, 625 
Uicy^-oil qu^lhing method, 656, ^7 

* ;^aints for metals, ^44, 645, Q,46, 64^, 
648 / 

Poarlito: ^58,* 259, 260, 265, 274, 
273»,276, 275,514,515,616 
Permanent set, 8 

Permanent set for (fast iron, 88, 89 
Petrol engin^, torsional stresses,* 55, 
56 

Phosphor-bronze, 12, 84, 99, 109 
Phosphoretted hydrogen, 614 

I rhosphorus, 280 

1 Pho8i)horu8, effect in cast iron, 303 
Phosphorus in iron or steel, 97 
Physical constants of metals, 291, 
292, 294, 304, 305, 367, 670, 671 
Pigments, 645, 646 
Pin-jointed frameworks, 4, 5 
Pistoa-ring compositions, 300, 306 
Plastic materials, failure of, 103, 104, 
114, 116, 117 
Plasticity, 66, 67 

Platinum resistance thermometer. 
See Pyrometers, electrical resis- 
tance 
Platt, 118 

Plough steel cables, 450, 451, 462, 
453, 454 

Plou^ stool wire, 438, 439 
Polarized light, 244, 246, 246 
Poisson’s ratio, 11, 62, 101 
Polish attack, 253 

Principal stresses, 18, 19, 20, 21, 23, 
24, 26, 45, 47, 100, 101, 106, 242, 
243, 244 

Properties of beams, 25, 26, 27, 28, 
29, 30, 31-62, 109, 110 
Protective paints, requi];;pment8 of, 
644, 645 ; 

Pulleys for cables, 459 
Purifiers for acetylene, 614 
Pyrom(^rs, electrical resistance, 

, 668, 669, 679, 680, 681, 682, 683 

Pyrometers, expansion, 668, 660? 

' 662, 663, 664, 665 
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Pyr^Wters, fusifti, 658* 569, 660, 
561, 662 ^ 

Pyrometers domical, 672, ^73, 674* 
Pyrorfeters, racRation, 658, 669, 665, 
666, 668, 609, 57^^ 571, 572 ‘ ‘ 


Reversals of strew, 120, 121, 122, 
123 • 

iReversed stresses, 119, 121, 122, 123, 
125 . J* 

Reynolds, 124 ^ 


Pyrometer8,»#lPbermo-olectrtt;, 668,* Richmond furnaces, 531-538, 54f- 


669, 674, 676, 676,^77, 678, 679 
Pyromotry, 654-583 • 


Riehle shackles, 177, -iTs, l^J, 182, 
183 • 


Quality factor in tensile tests, 90, ,Q1 l,tiehl^tt^^itjjf machine, 171, 172, 173 
Quantity ofcpaint required, 647, 648 Riohl? tdKion meter, 203 
Quasi-arc welding system, 597, {>98, Rigukstructuras, 5 

602, 622, 623 Rigidity, modulus of, iz 

Quais-arc welding test results, 622, Roebling, 464 

623 Rollings oHfact of direction 

Quenching of steels, 276 i sflrengtH^ 107 * 

• • • * Rye, 124 

I^idiation pyrometers^ See Pyr(^- ^ Rosenhain, KUl 

motels, radiatifwi IRlbbor, elastic constants of, l3 

Radius of curvature of ^'eet beam. Rubber, modcis for tests, 241, 2 

36, 48, 49 * ^ Rubber, resilience of, 14 

Radius of gyratio i orbeam sections. Rusting of iron and stool. 

36, 37, 38, 39 • Corrosion of iron and sti^el 

Radius of gyratio i of /«tnit sections. Rust-proof coatings, 646, 647, 

69, 60, 61, 62, 63, 64 662, 663, 664, 665, 666 

Rafwire, 114 Rust-jiroofing cast-iron, 665, C6( 

Rafwire. See Streamlino steel 


Riohl* tdfsion meter, 203 
Rigukstructuras, 5 ^ 

Rigidity, modulus of, iz 
Roebling, 464 

Rolling, c4|bet of direction 
sflrengtH^ 107 * 

R^o, 124 


Rubber, modcis for tests, 241, 242 
Rubber, resilience of, 14 
Rusting of iron and stool. See 
Corrosion of iron and sti^el 
Rust-proof coatings, 646, 647, 648, 
662, 663, 664, 665, 666 , 

Rust-])roofing east-iron, 655, 656 


wires • 

Range of stress, 120, 121, 122, 123, 
124, 125, 120, 127 
Rate of loading, 71 
Rates ot welding, iiOO, 601, 618 
Rearnur malleable castings, 311 
Rocalescenco, 206, 267, 268, 269, 
274, 270, 277, 497,616 
Recording pyrometers. See ]*y<‘<)- 
motors 

Red shortness, 290, 321, 330 
Rod shortness in steel, 97 
Reduction of area, 79, 80, 82 
Regenerative furnaces, 631, ,632, 
633. 641, 642, 643 

Relative impression hardness test, 
146, 153 

Repairs by welding, 624, 626 f 
Repeated stress testing machines, 
211, 212, 213, 214, 216, 216, 217, 
218,219 

Repeated stresses, 93, 119-130, 1.34, 
136,211,212,213,214 
Resilience, 14, 15, 16 
Resilience of alloy steels, 14, 10 
Resilience of beams, 62 
Resilience, torsional, 67 
Resins, 649, 641, 642, 643, 644 
''JResistanoe pyrometer. See Pyro- 
meters, resistance 
Resistances, specific electrical, 292, 
294, 673 • 

ilesultant stresses in beams, 46, 47, 
56, 67 • 


Salt baths for hardening. See 
Hardening baths 

Salt solution cooling curves, 270, 271 
Sandarae, 642, 643, 644 
Sand-Ioadmg tests on aeroplanes, 4, 
138 

►Sankoy reversed bending machine, 
216, 217, 218 
Saiivenr, 260 

Scale model tests, 3, 4, 239, 240 
Schlcroscojic, 146, 163, 164, 155, 
166 

Schmitz, 292 

Seamless steel tubing, 409, 411, 412, 
413, 414, 416, 416 
Secondary stresses, 45, 69, 240 
Section stool tulyng, 426, 428, 429, 
430, 431 

Sections, economical beams, 36, 37, 
38, ,39, 40 

Sections, stresses across, 36 
Soger’s cones, 561, 662 
Self-hardening steels, 387, 388 
Serai-steel, 314 

Shackles for testing machines, 177, 
178, 179. 180, Uil, 18^ \ 

Shafts, strength of, i2, o3, 54, 55 
Shear, simple, 18, •19, 20 • * 

Shear-steel, 316 

Shear stress, 7, IL 16, 17, 19, 20, 21, 
25, 40, 41, 42, 43, 96, 100, 101, 
106, 107, -no, 118, 324 
' Shear stress in beams, 40, 41, 42, 43, 
44, 45, 47 
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Shear stresi in shafts, 52, 53, 54, 55, 
56, 57, lie, 117, 118 
Shear streA of cast iron, 88 • 

Shear, wofk d^e in, 1-4 ^ 

»^Jlearing forcolln beams, 20, 27, 28, 
•• 20,30,31,32,33 • 

Shearing test shackles, 180 
Sheet steels, 324, 325, 396-^9 ' 
&70)et8, tensile test pieces, 75, 76, 77, 
78. 79 , K . 

Shellac, 640, 543, 6W * 

I, Sherarciizing process, 652, 661 t 

energy, 130, 131, 140, 141, W2 
'Tk'‘<^ro hardness tests, 144, 146, 153, 
o 154, 156,d57, 158 
Shrapnel-j)r\*^ sl^'ot si-Oels, 307, 
► 407, 408 • • • 

SieiiKMis- Martin proems, 316, 31J, 
484 • ' 

Sieincns ]wrometor, QpO, 580 • 
Silico-callnuni-aluinmiuni, 666 
Silico-chroiiKi steel, 352, 353, 1^2, 
383 

Silico-chromo steels, 382 
Silico-manganose, 666,%)67 
Silicon, 289, 290, 336 
Sdicon coating of iron, 655, 656 
Silicon, effect on carbon steel, 319, 
320 » 

Silicon, effect on cast iron, 301, 302 
Silicon, effect on shrinkage of cast 
iron, 305 « 

Silicon steel, 351, 352, 353, 354, 380, 
382 

Silver solder, 590, 591 
Slag, 264 

Slavianoff welding process, 597, 598 
Sleeve valve, cast iron, 306 
Slenderness ratio of struts, 5!1, 60, 
61. 62, 63 

Slope of beams, 48, 49, 50, 51 
Smith, 124, 213 

Snead's process for steel tubes, 417 
Solder, composition of, 183, 473, 
^ 587, 5^, 592 

Solder, strength and hardness of, 5.'*^ 
Soldered wire and cable joints, 181, 
464, 465, 466, 467, 468, 473, 474, 
475, 476, 477 
Solderine, 589 

Soldering alloy for cables, 183 
Soldering of steel tubes, etc., 425, 
426 

®Sqldoring processes, 584, 585, 586- 
’ 59 (^ 9 

Soldering silver, 584, 585, 590, 591 
Soldoriftg temperatures, 585 
Solid solution state, 275, 27^, 277, 
278, a<79 

Solidifioation curves, £70, 271, 272, 
27^ 274, ^76, 277 


\ Sorbitef 263, 2^, ^7 
Specific gravity of cast-iron, 304 
Specific ^gravitj^ of change due to 
,* hardening, 5Jll,lbl2, 525 
Sjiecific gravity of'iron, 291 
Spooiflb of metals, 683 • 

Sff^ilio gravity of nickel steels, 366, 

; 3 ^ 

Specific gravity of steel, 615, 511, 
€12 

Specifications, Admiralty. See Ad- 
I miralty sjiecitications 
I Si>cciti^tions, •Air Ministry, ^fee 
I Appendix 111. 

I Sj^itications, American material.^ 

' 01^00 American material sjMJoifica-^ 
tions 

S^citica^ons, llritishi^^nginoering 
* Stand%r<ls. 'See J^ngineoring 
Stantjifird Committee’s Specifica- 

; Speo^ications, International Aircraft 
I Standard. See International Air- 
! •craft* Standard * Specification 
! (I.A.S.B.) 

i Specili«‘ations, Society of Auto- 
! motive Engineers. See Appendix 
IV. 

! Specimens for microscojiic exa- 
mination, 252, 253 

Specimens, holders for. See, 
j Shackles for testing maclunes. 
Specimens, shape of. See Tost 
pi(‘('es 

Spiegeleiseii, 267, 301, 316, 668 
Spelter, 591, 592 

Splices, cahh^ 467, 468, 469, 470, 
471,472 

Spring steels, 82, 124, 351, 352, 353, 
i 354, 380, 382, 383, 384 
I Spring testing machines, 229, 230, 
231 

1 St. Venant, 101 
j Stanton, 124, 222, 227 
1 Stassano olootric furnace, 336 
Stead, 252, 436 
, Steel, 40-ton, 69 
Steel, cast. See Cast steel 
Steel castings. See Castings, steel 
Steel, chrome -vanadium. See 
Chrome- vana<iium steel 
Steel, corrosion of, 636, 637, 638 n 
Steel, crucible, Crucible steel 
Steel, definition of, 249 
Steel, drop-forging. See Drop-fo|fi^ 
ing steel ^ 

Steel, flow structure of, 285-288 
Steel, high carbon. See High 
carbon steel 

Jiteel, low carbon. See Low carbon ^ 
steel 

» 
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Steel, manganese. See Mafiganele 
steel *. « 

Steel, metallograi?ny of, 266*288,* 
490, 497, 614, 5^5 * 

Steel, mild. See Mild ^tee\ 

'Steel, modulus of elastioity, 10, 1 1, 
02 , 63 ^ 

Steel, nickel. See Nickel steel 
Steel, nio'kel -chrome. See Nickel- 
chrome steel 

Steel plates, 112, 113, 114 
StQd plates, 324, 32.^ 390-409 
StoeV rivet. See Rivet steel' 

Steel, silicon. See Silicon steel 
(Steel, spring. See Spring steel 
Steel, stainless. See Chrome steef^ 
Steel struts, strength of, 60, 61, 02, 
63,64,65' . I 

Steel, tool. See Tool steel 
Steel, tungsten. See Tungsten steel 
Steel, vanadium. See Vanadi ifii 
steel 

Steels, general properties of, 675, 670, 

„ 677 

Straight-line formula) for struts, 
64, 65 

Strain energy, method, 14, 15 
Strain method of stresy measure- 
ment, 240, 241, 242 
Strainer weights and sizes, 085 
Strainers. See Tumbuckles 
Strains, 7, 12, 13, 14, 15, 53, 54, 08, 
69, 129 

Streamline steel tubing, 428, 429, 
430 

Streamline steel wires, 445, 446, 447, 
448, 449, 450 

Streamlining steel cables, 458, 469 
Strength modulus, 36, 37, 38, 39, 
40 

Stress intensity, 6 

Stress-strain curves, 8, 9, 08, 69, 81, 
83, 86, 80, 87, 89 
Stress, types of, 6 

Stresses, 1, 2, 3, 6, 7, 9, 17, 18, 119- 
130 

Stresses, bending. See Bonding 

stresses 

Stresses, combined, 20, 45, 46, 47, 48, 
66, 66, 67 

Stresses, compressive, 86, 87, 88, 89, 
103, 104 

Stresses, ellipse, 22, 23 
Stresses, experimentally deter- 

mined, 2, 239-248 

Stresses, impact. See Impact 

stresses 

Stresses in aeroplanes, 136, 137, 138 
Stresses in beams, 20, 21, 29> 30, 
I 31, 32, 33, 34, 36, 39, 40, 44, 45.'^ 
240 


Stresses, normal, 16, 17,t9,*20, 21, 
23, 24, 45, 47, 48, 56, » 

Stresses, principal, 18, #9, 20, 21, 
36,. 24, 47? 48, 57<»242, 244, 24^ ■ 
247, ^8 ^ 

Stresses, repeated. See Repeated 
stresses 

Stresses; 8imj)le, 15 *- 

Stresses, static, 119, 120, 121, 122, 
;23,.124, 132,d33„„!:34ri37 
Stresses, torsional, 52> 53, 54, 55, 
ift), 117, 118 • 

Stresses, units, 36 
Stromenger, 598, 599 
Structures, tests upon,-^, 138, 239^ 
^40 - . 

fjtruts, theory of, 58. 59, 60, 01, 62, 
33, 64, ,05 • 

Struts, thin -walled, 59 
Sulpfi'ur, 289 ^ o 

* Sn’phur prints, 285, 280, 287, 288 
Stubbs, 481, 483, 485 
Swaging, 440, 447, 449 
Sz>bely procp^ss for castings, 307 

Tangential stresses, 15, 17, 19, 20, 
21, 240, 247, 248 
Tar-oil preservatives, 044, 640 
Tomporaturo, offeot of, on recovery 
of elasticity, 93 

Temperature, effect on strength of 
metals, 97 

Temperature, standard points of, 
550, 557 

Tomporaturos and colours of stool, 

! .550 

'romperaturos, industrial range of, 
555, 556 

Temperatures of annealing. *Seo 
Annealing tomporaturos 
Temperatures of torging. See Forg - 
mg temperatures 

Temperatures of hardening, 497, 
498, 502, 503, 504, 510, 517 
Temperatures of “ solution,” 513, 
514 

Temperatures of tempering, 347, 
348, 349, 350, 512 

Tempering baths, alloys, 508, 509, 
510, 511, 537, 638 

Tempering, colours and tempera- 
tures, 612 

Tempering, effect upon constituents,* 
607 ( • * . 

Tempering furnaces, 53U 537, 538 
Tempering of steel, 347, 3^, 3-w, 
2^, 606, 507-512 
Tenaoitiy. See Ultimate strength 
Tensile strength, 68, 69, 82, »3, 264, 
265, 364 

Tensile stress, 7, 8 
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Tensile tefift, 68, 60, 74, 75, 76, 77, 80- 
86, 90 , < 1 , 420 , 

Tension intact tests, 1^1 
’ Ibst pieces, sHtpe of, 72, 74s 75, *76, 
‘ • 77, 78, 70, 00, 220. 227, 2«8. 220 
Testing raachines, 101-248 
jjesting machines, Bailev, 174V’175 
listing machines, Bucktr^i. 1(>2. 

100, 104^ 100, 184, 185 

Testing *lnacraie'=^ clUibrafron of, 

167, 108 ^ , 

■iting machines* coin])onn(l ley'r, 
JOO, 170, 171, 172, 170, 175, 170, 
177 


Testing machines, fa4igno and conT- 
binoii stress, 210, 21l,*212, 2^1, 
214, 215, 210, 2I7^>18 
Testing iHachinos for bearings and 
oils, 237, 238 • 

Testmg machin<‘s for hardness ic'sts, 
147, 148, 152, 153, 154, 155, 235, 

230 ^ 

Testing machines for^prmgs, 220- 

231 

Testing inac'.hinoH, (lre('n\\ood and 
Batloy, 100, 170, 171, 170* 
Testing machines, horiyontal tN'])es, 
167-177 

Testing machines, impact, 218-228 
Testing machines, re([niicm(‘nts of, 
162 


isting ma^ncs, fabriy^lOl, 231,« 
232,233 ~ . • • 


Testmg machines, icverscd Ixmding, 
216, 217, 218 

Testing machines, llichlc, 171, 172 
Testing machines, sin^h^ lever tv'iK*, 
102, 103, 104, 1()5, 100 
Testing machines, torsion, 107, 108, 
100, 200, 201, 202, 203, 204 
Testing machines, transverse (cast 
iion), 208, 200, 210 
Testing rnachmcs, VV'order, 107 
Testing machines, wire and cable, 
204, ib5, 200, 207, 208, 44 1 ^ 

Tetmajer, 01 

Tests for steel tubing, .59, 113, 415, 
416,417,419, 420, 421 
Tests of ferrule wire joints, 464, 405, 
466 

Teats on full-sized structures, 2 
Tests on welded joints, 018, 0] 9, 020, 
621, g22, 623 

'f’hef ry of j^rdening ferrotJ metals, 
* 496, 497, 506, 513 
Thernfcl changes in metals, 265- 
280 ^ • 
Thern^l conductivities of ^ metals, 
291, 292, 294, 304,^672 
Theraial method of stress measure- 
Mat, 24f; 243 


’ TTiermit welding process, 505, 031, 
632 t 

•Thernjo-cotiplea. ^See Pyrometer’^', 
• thermo-elocfnc . 

1 heri#o»igt^, types of. See Pyro.^ 
jueters 

nu^'mo'.tat, 548 

riim tilln's, buckling of, 59^ 416, 420 
ri^imson-HouHton welding process, 
OOJi 

rill cad -reconler. 577 
• riiurston. 201,4^>37, 238. 239 
I'lmbeT, 02, 03, 64, 134, 130 
'I'liplicr, strength of struts, 02, uj, 04 
djbiic inlluencc, in tensih' tests, 91f 
92 

509, 510, .5.55, 557, .500, 561, 

• (133 9 • 

Titanium, .30:i, 008 
^ Tit(mn/!n, eflcct in cast, iron, 303 
T«1l(Mances for standunl steel sheets, 
3!>fi, 401, 405 

'|^)l<*iaifcces foi steel iubes, 417. 4 IS, 

421. 422, 423 

Tool steel, 310, .3.32-3.30, 352 .387. 
.388 

I'oision metms. 20.3, 204 
I'orsioii t(‘st.mg machines, H>7-2()1 
I’oision t(‘sts, 110. 117, 118, 119, 
420, 441, 443, 402 

d'oisioiial st iesH(‘s, 52, 53. 54, 55, 56, 
.57, 119 

Totsioiial tests on win*, 436, 4.37, 441 
'I'larisv ('r.s(‘ h(*ndmg of bi'ains, 51, .52, 
168 

I’laiisverse stiain, 1 1 
'I'loosite, 2<;2, 203, 205, 270, 4.30 
I’libing, gi'iieial information on, 423, 
124, 42.5, 420, 427 

I'ubing, maiinfai tureof. HeeManu- 
fac-tnie of steel tubing 
I 'Fubing, steel, alloy, 419, 420, 421, 

422. 42.3 

; Tubing, steel, carbon, 414, 415, 410, 

I 417,418 

j Tubing, steel, geneial jiropcrties, 

I 409-432 

I Tubing, steel, reinforcerl, 429 
Tubing, steel, section, 420, 428, 429, 
4.30 

Tubing, steel, strength of, 113,' 415, 
410,417,419,421,422 ^ 

Tubes, tabulated pro jier ties of steel, 
678, 679 

Tubes, testing of metal, 113, 114 
'Pungsten steel, 278, 281, 344, 346, 
3.52, 3.5.3, 354, 355, 387, 388, 
511 

Tuii^buckles, 448, 449. Also see 
' Apjiendix II. 

Tyre steel, 74 
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Ultimate strengtn, ViJ, 132 
Unita, beam ^re88ei|, 36 
Units, elastic modjulus, 10 
Udits, resilience, *4, t6 
Utiits, tensile stress, 6 
Units, torsior, 54 , 

Urlwin, 74, 87, 88, 08, 99, 111, 

136, 144, 146, 186, 188, 189, 303, 
306, 452, 478 

Upton-Lewis testing machine,# 214, 
216,216 

Valve stamping, 2o< 

Valve steels, 352, 353, 354, 355, 

1 368,369,379,394 q 

Valves, flow structure in., 287, 288 
Vanadium >^iromo spnpg steC!^^ 

Vanadium-chrome steel, 3^7, 349, 
362, 353, 354, 373, 374, 3^, 388 . 
404, 405, 407, 486 ^ ' 

Vanadium, effect ir cast iron, 303 
Vanadiurn-nicld)! steels, 37^, 37C, 

'• 376 

Vanadium steel, 82^.373, 374, 375 
Vanadium tool steei^, 387, 388 
Varnishes for metals, 639, 641, 642, 
643, 644 

Varnishes, oil, 642, 643 
Varnishes, spirit, 642, 643 
Varnishes, water, 643 
Varying stresses, 119-130 
Vaughan-Epson wire fatigue testing 
machine, 207, 208 

Vibrations in bar under shock, 
130 

Vibratory testing machine, 230 
Vickers, 114, 115, 118, 347, 350, 360, 
383, 485, 619, 627 

Volume change with hardening, 
611, 525 


Wade, 144 

Waist, formation of, in tension test 
pieces, 71, 79, 80 
Wall, G. P., 619, 603 
Wall thickness variation, in tubes, 
416, 417, 418, 422, 423 
Ward’s inoxydiring method, 655 
Watch spring, 119 
Watertown arsenal, 160, 175 
Webs, stresses in, 44, 46 
Wedge grips for testing machines, 
m, 179 

Weights of metal sheets, 687, 688 
Weights of metal tubes, 678, 679 
Weld test of steel plates, 398 
Weldable steels, 396, 397, 398, 399 
rWelded joints, strength of, 696, 618, * 
619, 620, 621, 622, 623 


Welded joints, typesl of. See 
Joints, types of weldeJ 
Welded steel tubes, 410, 4l7 
Wdlding, bu4t, 604, W5, 606, 6C^ < 
628, ^9 

Welding, cost, 629 
Weldlhg, contact, 604, 606, 606 
WeldinS*, currents and speeds, 

601, 606, 607 . _ 

Welding, eleciri£Arof'596,:696, 697, 
5^, 699, 600, 601, 602, 603 
W^ing, electricf resistance, ttipi 

Welding, hand, 595 
.Welding, e^-gas, 607-^’8 
W, 'hiding, practical notf«s, 616, 617 
tedding jjrocccses, 594-6^8 
Welding c processes, aeronautical, 
60a, 609, 610. 611, 612, 696 
Welding rods and fluxes, ‘C26, 626, 

’ .<27, 628 

Welding, roller, 606 
Welding, scam, 606 
Welding, spo^. 'of, 618, 619 
Welding, spe*, 604 
Welding, thermit, 696, 631 
Well’s process, 653 
Werdef, testing machine, 167, 168 
Wheatstone Bridge, 579, 680, 681 
White metal in compressioD, 104 
Whitworth, 336 
Wicksteed, 162, 184, 186 
Wild-Barfield automatic hardening 
process, 544, 546 
Wilson and Goro, 242 
Wire fatigue machines, 207, 208, 
437, 441 
Wire, fine, 439 

Wire, gauges, weights, and sizes, 
684, 689 

Wire, hardening of, due to drawing, 
436, 437 

Wire, music or piano, 436, 437, 438, 
439, 440. 441 

W^, plough steel, 438, 439'* . 

Vnre ropes, 130, 131 
Wire, strengths of, 438, 439, 440, 
442, 444, 477, 478, 681, 682 
Wire testing machines, 204, 205, 206, 
207, 208, 441 

Wohler, 91, 120, 122, 126, 135, 211, 
212, 424 

Work done in bendii^, 62 
Work doge in stressing,, 14,'^16| 1^, 
93, 94 

Work done in torsion, 67 
Workmff stresses^ 131-138 
Working stresses in metals, 131-138, 
677, 680 ^ 

Wrapping test' for aircraft ^giies, 
c 441, 443 
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Wright>Morgfta 040, 060 Young’s mocftlus^ 10, 40 

Wrought 8 m IrA Younj^’a modulus fo^oMt iit^^ 

• X-r%y ezumnation of me^ls, 264# Zeronnr weUiiug proooss, 69f * ^ 

266 • :&nc coating of jhe^, 640, 660, 66 1 , 

•652,663 * • 

Ywld point, 70, 71, 82, 83, 84 Zine slab^ for^iwctal protootion, 640 

Yield poinW^ritiah standard defini* Zwc, strength nf, at high tempera* 
• tion, 7^ ' ♦ tures.OO' 
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